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Abstract
Epsilon Aurigae is a long-period eclipsing binary that contains a warm F-star
(∼ 7750 K) and a circumstellar disk enshrouding a hidden companion, likely to be
a hot B-star (≥ 15, 000 K). The eclipse itself lasts just over two years—thanks, in
part, to the size of the disk—and occurs every 27.1-years. Its evolutionary status
is still debated, along with the true nature of each stellar component, due to the
high uncertainty in its parallax. The disk is similarly debated from the near ab-
sence of solid state infrared spectral features indicating its composition, particle size
distribution, and density. An investigation of a wide parameter space by means of
analytic, Monte Carlo radiative transfer (MCRT), and thermal inertia-dependent
methods are presented here in order to minimize the current parameter space. The
first MCRT models including all of the epsilon Aurigae components (F-star, B-star,
and disk) are included here.
Additional parameter constraints are found by melding MCRT outputs (e.g. dust
temperatures) with a thermal inertia-based extrapolation. The so-called MCRT-TI
models investigate the effects of various parameters on the disk-edge temperatures;
these include two distances, three particle size distributions, three compositions, and
two disk masses, resulting in thirty-six independent models. Adding in the MCRT
temperatures as possible solutions doubles the number of models to seventy-two.
These become the basis for the thermal inertia models of epsilon Aurigae.
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Additionally, infrared observations at 7 epochs, spanning nearly 1/3 of the orbit
of epsilon Aurigae, are evaluated in order to extract phase-dependent disk temper-
atures. The resulting temperatures create a thermal phase curve, or TPC, for the
system. The TPC correlates the observed disk temperature with orbital phase or
date of observation. Then, the best-case MCRT and MCRT-TI models are compared
against two different mid-eclipse temperatures. If one considers the evolutionary
constraints on the models—where a smaller distance denotes an older system with a
disk composition identified as either silicate or carbon, and a large distance denotes
a younger system with a disk more like the interstellar medium composition—the
number of possible best-fit models becomes only nine. Further constraints leave
two possible solutions for the epsilon Aurigae system: if epsilon Aurigae is almost
a 1000 pc away, then the disk follows an MCRT temperature profile (indicative of
a low thermal inertia) with small, ISM-like particles in an Earth-mass disk; if it
is within approximately 700 pc, the disk follows the MCRT-TI temperature pro-
file (indicative of a larger inertial effect) with medium-sized silicate particles in an
Jupiter-mass disk.
Beyond the physical constraints on the disk, the TPC observations provide new
disk temperature estimates at seven different orbital epochs, in addition to the two
previously published results. These are used to navigate the nine best-fit models in
search for a refined solution. A minimum disk temperature is found to be about 300
K, observed just after the most recent mid-eclipse of epsilon Aurigae.
The application of this thermal inertia effect to other binary disk systems is pos-
sible. First, though, observations must be made throughout the system’s orbit. Any
sort of irregularity in the disk’s longitudinal temperatures is a target for application
of this methodology. This does require the heating and cooling rates of the system’s
material be less than the rotational rate of the disk. However, spatially resolved
disk systems may be able to observe the effect without that prerequisite.
iii
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The present research applies aspects of thermal inertia studies to astronomical,
binary star systems which house a circumstellar disk. The effects of thermal inertia
have been used to monitor the earth, asteroids, and planetary ring systems, by
identifying heating and cooling rates of the object’s surface. The surface’s intrinsic
material properties conduct how it responds to incoming radiation. Takeuti (2011)
introduced the idea of using a specific heat-like term to explain the temperature
variation in the binary disk system of epsilon Aurigae. This novel application to
binary disk systems provides another path to constrain the physical properties found
in those environments. The application of thermal inertia-based models and analysis
of heating/cooling physics is expanded in the present thesis and used to explain
changes in the spectral energy distributions in epsilon Aurigae, the prototype for an
emerging class of eclipsing binary systems: disk-eclipsing binaries.
The general introductions are organized as follows: section 1.1 reviews the con-
cepts of thermal inertia and its effect; section 1.2 identifies the astrophysical systems
reflected here; an overview of the ε Aurigae system is given in §1.3; and §1.4 outlines
the remainder of the dissertation.
1
1.1 Thermal inertia summary
Thermal inertia is a property used to describe how a material exchanges heat,
or reacts to heat. The term “inertia” holds a similar context as to the mechanics
“inertia” term: the resistance of an object to change in its motion. Therefore,
“thermal inertia” could be defined as the resistance of an object to change in its
temperature. Mathematically, thermal inertia is generally defined as
Γ2 = k ρ cp, (1.1)
where k is the thermal conductivity (W m−1 K−1), ρ is the density (kg m−3),
and cp is the specific heat (J kg
−1 K−1). The units of thermal inertia, in this
prescription, are J m−2 K−1 s−1/2 (Müller, 2007). Leyrat et al. (2008) includes
a porosity term (1 − p)2 on the right side of the equation, but porosity is not
considered in the present work directly; it can be invoked in terms of density. As
shown by its defining equation, the thermal inertia is dependent only on intrinsic
material property parameters. The thermal conductivity of a material is just as its
name implies: the property measures how well a material conducts heat. Similarly,
the specific heat is defined as cp ≡ Q/m∆T , where Q is the amount of thermal
energy supplied to an object, ∆T is the subsequent change in temperature of an
object of mass, m. This evaluates how efficient the material is at changing its
internal temperature from a set amount of energy. Combined, a low thermal inertia
material will heat and cool quickly, compared to a material with high thermal
inertia, which will have less temperature change in a given amount of time (or a
slower heating/cooling rate).
It must be noted that another term for thermal inertia is found in thermody-
namics under thermal effusivity. Both are defined identically. However, a correlating
2
term to the effusivity is the diffusivity :
αd = k (ρcp)
−1 . (1.2)
This includes the same terms as the effusivity, but arranged slightly different. In
doing so, diffusivity is more intuitive than thermal inertia or effusivity. The diffu-
sivity is the ratio between how well a material conducts thermal energy (given by its
thermal conductivity, k) to its ability to store energy (in the form of a volumetric
heat capacity, ρcp). The diffusivity is a measurable material property and can be
















in Cartesian coordinates. Simply, if αd is large, then the material conducts thermal
energy more efficiently; if αd is low, its storage ability dominates. Or, in other words,
the change in temperature is slower with a material that stores more than conducts
thermal energy. For example, in Earth-based measurements (at 1 atm pressure and
300 K), the thermal diffusivity of hydrogen gas is 160 mm2 s−1, while typical air is
ten times less at 19 mm2 s−1; sandstone is only 1.15 mm2 s−1, about 80 times less
than pure aluminum, which is at 84.18 mm2 s−1 (Brown and Salvatore, 1951).
Both thermal inertia (or effusivity) and thermal diffusivity are discussed in Chap-
ters 3 and 4 in terms of the temperature effect. Therefore, the overall effect is
described as an inertial effect, one that can be detailed by either effusivity or
diffusivity via the stated terms in the above equations. Table 1.1 shows a vari-
3
ety of materials with their associated thermal properties, as obtained from Dinçer
and Rosen (2010). There is a large distinction between gas and solid compound
diffusivity, shown as more than 5 magnitudes. Each phase also provides some differ-
entiation between compositions. For instance, pure magnesium is two magnitudes
larger than sand grains (usually SiO2) or water ice. These thermal properties allow
one to investigate how the composition of an object affects the resulting temperature
variations.
This inertial effect is most commonly experienced on a daily basis with the
diurnal temperature change of the Earth. This effect is manifest when looking at
the hottest part of the day: though the Sun crosses the meridian around local noon,
the daily temperature reaches a maximum 1-2 hours thereafter, as in Figure 1.1.
The Earth’s surface inertia is responsible for this delayed peak. The mapping of the
Earth’s temperature over a given time is referred to as a “thermal phase curve.”
In fact, any temperature-time correspondence may be referred to as such. Remote
sensing applications have used thermal phase curves to identify thermal properties
of various regions and then correlate them with specific types of terrains (Kahle,
1977; Price, 1977; Sabins, 1978; Jensen, 2000).
Thermal phase curves (TPCs) and thermal inertia mapping have been applied to
exoplanet research, Saturn’s rings, and asteroid classification. Specifically, Koll and
Abbot (2015) investigate how to use TPCs of dry, tidally locked terrestrial planets
to determine constraints on surface pressures and atmospheric masses. Morishima
et al. (2011) identify thermal inertia values for different types of particles within
the various rings of Saturn to discuss compositional and structural attributes of
the particles. This is done by using observed temperatures of Saturn’s disk as
it moves through its orbit (i.e. the TPC), in a detailed radiative transfer model
solution specific for Saturn’s rings, to solve for the thermal inertia. Emery et al.





































































































































































































































































































































































































































































































































































































































Figure 1.1: A compilation of the Earth’s ambient temperature (◦ F) in Denver, CO
on June 25, 2015 (black) and the sun’s elevation over the same time (orange). Notice
the peak sun elevation—corresponding to the peak radiation—falls approximately
an hour prior to the Earth’s peak daytime temperature. This peak offset arises from
the Earth’s inertial effect, similar to the proposed models in §3.2.3. Temperatures
obtained from The Weather Channel service (weather.com). Solar elevations were
calculated with NOAA’s Solar Position Calculator, found at www.esrl.noaa.gov.
determine a diameter, an albedo, an average thermal inertia, and a regolith grain
size. TPCs are constructed by evaluating an object’s temperature throughout a
periodic segment of time, like the Earth’s TPC approximately recurring over a 24-
hour period. Price (1977) shows how to obtain estimates to the thermal inertia value
from an object’s TPC, specifically its maximum and minimum temperatures: if given
an incident flux (J) and a frequency of observations (ω), then the thermal inertial
can be described as Γ = 2Jω−1/2 (Tmax − Tmin)−1. This prescription requires a
known flux and (constant) frequency of observation which many of the astrophysical
situations are missing. Therefore, the formulation given in equation 1.1 is used for
further analysis. This also illustrates the importance of continual observation to
map out the temperature-time relation of an object. The TPC records the rate
at which the material heats and cools and allows for discussion regarding material
properties.
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The general thermal inertia effect should be extractable in astrophysical systems.
Bulk-properties from lab experiments are assumed to be viable in astrophysical en-
vironments and used accordingly (see Table 1.1). Therefore, the general application
of thermal inertia-driven TPCs is applied to disk-eclipsing binary star systems in
the present work.
1.2 Astrophysical terminology
Disks are ubiquitous in astrophysics. Quite generally, a disk is the collection of
material found orbiting a massive, central object (Latter, 2015). They are found
shortly after the birth of a star (a protoplanetary disk), identified before the forma-
tion of a planetary system (a debris disk), compiled from a companion star during
a mass-loss evolutionary phase (a type of circumstellar disk), located around super-
massive black holes (an accreting Active Galactic Nuclei disk), or even in galactic
structures (e.g. a spiral galaxy). The commonality of disks stems from the broad ap-
plication of the gravitational collapse and angular momentum conservation of clouds
of gas and dust (exceptions are discussed further below), though on very different
size scales. For instance, a circumstellar disks varies between 1 and 100 AU whereas
a galactic disk is thousands of light-years (and 1 ly ∼ 6× 104 AU). The particulars
of the present thesis restrict the disk discussion to a stellar level, rather than a black
hole or galactic expanse.
Circumstellar disks are found around a single star. Their formation falls under
three categories, each of which is subsequently discussed: (i) primordial, (ii) mass
ejection, and (iii) mass transfer. They are important objects of study, especially
since most—if not all—stars form within a circumstellar disk (Meyer et al., 2007),
therefore it is likely that every star is influenced by the presence of a disk. Addition-
ally, planet formation occurs within the star-orbiting material; a study of circum-
stellar disks is a study of how our solar system and Earth came to be. Each disk
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reveals important clues about its environment and how all of the system components
are evolving.
A primordial disk forms from the gravitational collapse of the gas and dust
surrounding the proto-star and follows a general evolution as shown in Figure 1.2,
from Williams and Cieza (2011). This shows an example of a primordial disk’s
evolution for four different epochs of time. The disk consists of gas (light blue) and
dust (red circles), which begins to dissipate and migrate through its evolution. The
gas is diminished by accretion onto the central star, photoevaporation, and mixing
with the dust. The dust particles coagulate together along the cooler regions of the
disk (higher elevations) and migrate towards the mid-plane of the disk (an energy
potential local minimum in the disk). The migration and its speed are effected by
interaction with the present gas, turbulence, and friction (Schräpler and Henning,
2004; Dullemond and Dominik, 2005; Natta et al., 2007). After ∼ 10 Myr (or about
0.1% of a 1 M star lifetime; Mamajek, 2009), all that is left of the once prominent
disk are the mid-plane planetesimals, which form into planets.
Circumstellar disks can also form from mass ejection of its host star. The mass
loss can typically derive from high stellar winds and/or fast-rotating stars, whose
outer-layers are stripped due to the centripetal force exceeding the gravitational
force (Owocki, 2006). The hosts of these disks are Be-stars, denoting the star is a
non-supergiant B-star spectral type with the e denoting the presence of emission
lines (Jaschek et al., 1980). The circumstellar disk is evidenced by the infrared-
excess in the Be-star’s spectrum and by direct, interferometric imaging (Stee, 2000).
Bjorkman and Cassinelli (1993) investigate the limitations for disk formation by
modeling various rotation rates for different spectral types of stars, ranging from
B9 to O3. On the other hand, Meilland et al. (2006) explain that it is possible for
a Be-star to evolve into a B-star (i.e. lose its emission and infrared features) as its
disk dissipates.
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Figure 1.2: Disk evolution figure, adapted from Williams & Cieza (2011), starting
with a protoplantary disk during the early phases of its host star’s life and ending
a a debris disk or planetary system. It is noted, however, that the general disk
cycle may be common among other disk-forming theories. In other words, though
a disk may form via mass transfer, it may evolve similarly to a debris disk state.
Therefore, the ε Aurigae disk is located between a settled and photoevaporating
disk. The disk is still too dense and opaque for a debris disk and is not massive or
large enough to be in a protoplanetary stage. This, therefore, provides constraints
to the evolutionary status of of the system.
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Binary star systems—and even planet-star systems, to which the astronomy
community is becoming more aware of with the emergence of the Kepler mission
(see kepler.nasa.gov)—provide an environment for the determination of orbital
parameters and, most importantly, component masses. The size of each component
can be determined if the system is viewed edge-on at an inclination of about 90◦;
this constitutes an eclipsing binary system. Coupling the resolved stellar masses
and radii with a determined system distance (via parallax, main sequence fitting,
etc.), adds information to the luminosity-temperature relationship compiled in the
Hertzsprung-Russell diagram (Russell, 1914). The scatter plot of stellar information
gives rise to studies of stellar evolution and correlated relationships between stellar
categories. Therefore, the evolutionary models are dependent on binary system
discovery and analyses.
Binary systems that include a circumstellar disk provide insights to how the
disk was formed. These types of systems can be categorized into the relative sizes
of the stars as compared to an equipotential surface known as a Roche lobe. The
Roche lobe is the region defined around each stellar component to which material
is gravitationally bound to the respective star. Example equipotential surfaces for
the ε Aurigae binary star system is shown in Figure 1.3. The point labelled L1, a
local extrema, is known as the L1 Lagrangian point; the equipotential surface that
connects at L1 for each star defines the Roche lobe, with a general radius of RL. In
essence, the Roche lobe defines the maximum size of the components, in terms of
diameter.
A detached binary refers to a binary system in which both stars are within
their Roche lobe (r? < RL). The stars in this configuration typically do not effect
one-another’s evolution or structure, and can be estimated by single star studies.
A semi-detached binary permits one of the stars to fill its Roche lobe (r? = RL),
while the other is still within its Roche lobe limit. To “fill a Roche lobe” means
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that the star has expanded to the point that any further increase will push the
extended material past the point of gravitational stability. If the filled-Roche lobe
star expands any further, the equilibrium of the star requires a loss of mass, some
of which transfers through L1 into the companion star’s equipotential Roche lobe.
A contact binary is when both stars fill their Roche lobes and share, not only mass,
but also heat energy. Circumbinary disks (a disk engulfing two stars) may develop
from an evolved situation such as this. Additional details concerning these binary
systems can be found in Pols (2011).
It is noted that these different binary star configurations may be present over a
single system’s evolution. For instance, binary evolution studies have shown a binary
moving between a detached and semi-detached state, which eventually evolves into
a contact binary system (Iben and Tutukov, 1984; Iben, 1985; Iben and Tutukov,
1985; Iben, 1991). Binary star evolution models heavily rely on single star evolution
models, though differences are apparent, as described below.
The two latter binary categories permit the stars to influence their respective
companions’ evolution, as in Figure 1.4, obtained from Hernández-Pérez and Bruzual
(2013). The three columns look at three different systems and consider a binary
stellar modelling track (top row) and a single star evolutionary track model for each
star in the system (bottom row). The first and third columns assume a circular orbit
(e = 0), while the middle investigates an orbit with eccentricity e = 0.2. The second
set of models also uses a longer orbital period of ∼ 2.3 years, compared to the 5.2
and 1.7-days periods used in the first and third binary models. Though no specific
disk effects are described, the binary evolution code that produced the evolutionary
tracks—Hurley et al. (2002)—includes effects of mass transfer and accretion in how
the stellar components evolve (see also Ge et al., 2015).
Lubow and Shu (1975) used Roche lobe physics to detail the formation of disks
in binary star systems, specifically in semi-detached binaries, to aid in evaluating
11









Figure 1.3: Gravitational potential configuration for the ε Aurigae system according
to a q = MF?/MB? = 0.25. The x and y axes are in units of AU. The color
gradient within the potential lines only show respective values. The importance is
the connecting potential at the Lagrangian 1, L1, point. This local minimum allows
material to flow from one star to the next when either the stars have filled their Roche
lobe (the equipotential line connecting at L1) or if stellar winds move the material in
that general direction. Alterations were made to an equipotential Mathematica code
developed by Jeffrey M. Bryant (http://members.wri.com/jeffb/) to produce this
figure.
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Figure 1.4: This shows the variation in evolutionary track a theoretical star system
could experience, courtesy of Hernández-Pérez and Bruzual (2013). The top row of
models considers binary interactions, the lower row monitors the evolution of an in-
dividual star, without its companion considered. The first and third columns depict
systems in a circular orbit. The second column looks at a binary system with an
eccentricity of 0.2. One notes the relatively smooth “motion” of the star’s evolution
in the single stellar evolution models, as compared with their binary counterparts.
This illustrates the importance of evaluating binary star systems with the correct
tools, especially in stellar evolution modeling.
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the evolutionary process of binary stars. Through energy potential derivations, they
derive limits for required disk formation in semi-detached binary systems (see Table
2 in Lubow and Shu, 1975). Dervişoğlu et al. (2010) detail these restrictions in
Figure 1.5 (published as Figure 3b therein), which shows the ratio of the primary
star radius (R1) to its system’s separation (a), plotted against the mass ratio (q)
for a collection of well-determined Algol systems1. Overlaid are the computed radii
($min and $d) consistent with the disk restrictions described by Lubow and Shu
(1975). Any system below $min mathematically requires disk formation with the
transfer of material; the $d line denotes systems that may form a disk. Those
systems found above these demarcations experience direct mass in-fall onto the
star. Though Dervişoğlu et al. (2010) specifically look at Algol systems, the Lubow
and Shu (1975) derivation of $min and $d applies to any semi-detached system.
It is a useful template to examine in determining evolutionary pathways for binary
systems.
Though detached binary systems—as stated above—typically do not interfere
with one another to effect the evolution of the components, mass transfer can still
occur. In particular, if the photosphere radius is much less than the outer radius of
the upper-layers of a super-giant star, those low-gravity layers may reach the Roche
lobe limit and pour onto the other star (Paczyński, 1971). Another example is given
by wind-driven Roche lobe overflow, where pulsations from evolving giant/super-
giant and/or asymptotic giant branch (AGB) stars drive the outer layers of the star
past its Roche lobe radius (Podsiadlowski, 2014). The wind-driven mechanism is
less efficient in transferring material to the companion star, as the wind can move
material away from the L1 point. However, it is still a viable option for transferring
1An Algol system is a semi-detached eclipsing binary system with short orbital periods (. 10
days) where the primary lies on the main-sequence and does not fill its Roche lobe. The secondary
is less massive and cooler, however it fills it Roche lobe. A mass stream from the secondary to the
primary is thought to be responsible for the increased mass of the primary and the lower-massed
secondary Chen et al. (2006).
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Figure 1.5: This figure, courtesy of Dervişoğlu et al. (2010), shows all of the known
Algol systems divided into two groups: those with orbital periods < 5 days (open
circles) and > 5 days (dots). The x-axis is the mass ratio of the two components,
assuming the main-sequence B-star of the Algol is the primary. The y-axis is a
ratio between the primary’s radius and its separation. The two other demarcations
indicate the probability of having a circumstellar disk form via mass transfer. If the
system sits below $min, it will have a disk; those systems between $d and the min
have the possibility of having a disk surrounding it.
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mass within a binary (Tout and Hall, 1991; Mohamed and Podsiadlowski, 2007),
especially when the transfer is almost completely conserved (i.e. all the mass loss
from one star is transferred to the other).
Han et al. (1995) provided a compact visual for binary stellar evolution that
used all three binary states to evaluate the resulting structure of planetary nebulae2.
Their analysis is displayed as a flow-chart (displayed in their respective Figure 2),
with appropriate evolutionary percentages for each track. This provides a way
to look at possible avenues for the binary configurations described above, ending
with planetary nebulae formation. Many of the branches consider different types of
RLOF focusing mechanisms, mostly in close binary systems. The present analysis,
however, may need further specification of its evolutionary state before any further
comparisons can be made with Han et al. (1995).
The combination of eclipsing binaries and the presence of a circumstellar disk
in a detached configuration provides a unique astrophysical laboratory for study.
Recent searches by Graczyk et al. (2011) (an eclipsing binary survey) and Dong et al.
(2013) (long-period eclipsing binaries from the Kepler space telescope) indicate the
increasing number of disk-eclipsing binary systems. As the search continues, more
of these types of systems will be discovered and will require a process for analysis.
The configuration of the disk-eclipsing binary systems presents unique problems
that other nearly face-on disk systems may not necessarily have to address. If the
disk is opaque, there may be little-to-no information on disk’s interior structure,
as well as the engulfed star. Lastly, the physical nature of the system as being
viewed edge-on, limits the amount of absorption (or emission) features present in
the spectrum; therefore, there are limitations to the known compositions, particle
size distributions, and densities of these edge-on disks. Spectral features require
2The planetary nebulaa phase of a low-mass star (. 8M) occurs after the star has evolved off
of the main-sequence (the ending of hydrogen fusion) and moved into and through its red giant
phase. The planteary nebula forms from the star expelling its outer layers.
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the combination of a dense and diffuse region with varying temperatures—think of
Kirchoff’s laws for emission or absorption. If that construction is not present (a hot,
diffuse gas in front of a cool, dense region OR a cool, diffuse gas in front of a hot,
dense region), the spectrum will be seen as featureless. An opaque circumstellar
disk viewed edge-on may provide the right circumstance to experience little-to-no
spectral features. A more complete understanding of these systems is required for
additional analysis.
1.3 An ε Aurigae overview
The epsilon Aurigae system (HD 31964 or HIP 23416) is the leading case of
an up-and-coming group of disk-eclipsing binary stars as new objects continue to
be added to the growing list (c.g., Scott et al., 2014; Meng et al., 2014). This
system contains a proposed F0Ia-star (TF? ∼ 7750 K) that is eclipsed every 27.1-
years by an opaque disk, enshrouding the secondary star—a main sequence B5V-
star (Hoard et al., 2010). Though the first recording of the eclipsing nature of
the system was noted by Fritsh in 1824, features of epsilon Aurigae (hereafter, ε
Aurigae) are still debated. The recent eclipse spanning 2009-2011 sparked numerous
observational campaigns and modeling efforts, of which the present thesis is a part.
The Journal of the American Association of Variable Star Observers printed a special
edition concerning the recent eclipse that included contributions from long-time
professionals and amateur astronomers (Percy, 2012). But what makes this object
so intriguing? This introductory section briefly discusses the parameters of the
system and evolutionary possibilities.
1.3.1 Parameter overview
The main source of the intrigue stems from the large uncertainty in the distance,
which is used to convert the angular measurements to linear values via trigonometry;
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for instance, the linear diameter of a star (D) via the small angle approximation
is calculated by D ∼ θd, where θ is the angular diameter and d is the distance to
the star. Observations from the Hipparcos satellite report a distance of 650+3550−290
pc (Perryman et al., 1997; van Leeuwen, 2007). In other words, a large distance
to the system denotes larger and more massive components with a stellar mass
ratio, q = MF?/MB? > 1. However, a smaller distance requires smaller stellar radii,
masses and luminosity (Muthumariappan and Parthasarathy, 2012). The large error
in the Hipparcos measurement is from pointing errors to ε Aurigae. The F-star is
intrinsically active and variable. Kloppenborg (2012) describes a 0.1 mag, ∼ 66-day
periodic variation intrinsic to the F-star. Geise et al. (2012) discusses polarization
effects that may be arising from, or near the surface of the F-star, pointing to
activity there that could potentially thwart the ability of a telescope to obtain
accurate pointing. The variable, active state of the F-star alone may account for
the inconsistent measurement of the distance. Others, too, have attempted to add
constraints and explanations for the system’s distance. Guinan et al. (2012) predict
an upper limit at < 1.5 kpc, based on interstellar absorption and reddening. van
de Kamp (1978) equate astrometric and spectroscopic orbital values to determine a
distance of 580±30 pc, essentially a lower limit of distances. Muthumariappan et al.
(2014) support the lower mass model (or lower distance model with q < 1) based
on equivalent width-fitting of spectral features and radial velocity curve fitting.
Recent work by Kloppenborg et al. (2015) provides definitive angular values
derived from a combination of interferometric imaging, photometric light curves, and
geometric modeling. A previous iteration of these recently published results were
shared via private communication in 2013, and used within the context of the present
work. Combining these angular values with a given distance and published orbital
and spectroscopic functions (such as the mass function, f(M), and the product of
the semi-major axis and the sine of the inclination, a1 sin i), linear counterparts
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Table 1.2: Angular values derived from Kloppenborg (personal communication,
2013) and updated in Kloppenborg et al. (2015)
Quantity Units Value
Inclination, i deg 89± 1
Total orbital semi-major axis, αT deg 29± 3
F-star diameter, DF? mas 2.22± 0.09
Disk radius, rdisk mas 7.829± 0.235
Disk thickness, T mas 0.744± 0.141
can be obtained (as in Tables 3.2 and 3.9). The angular values adopted for the
present analysis are given in Table 1.2. Additional details are described in §3.2.1.
The following parameters are outputs from the angular value, orbital function, and
distance combination above: the F-star mass, the B-star mass, the orbital semi-
major axis, the size of the disk, the disk’s thickness, and the F-star radius.
Other known parameters exist outside of the previously described method. For
instance, the F-star temperature of 7750 K is derived from matching the output
energy distribution over a large span of wavelengths with a stellar atmosphere model,
though Strassmeier et al. (2014) has estimated an F-star temperature of 7395± 75
K using spectrum synthesis. Also, the disk rotation was determined by assumed
disk-centric neutral potassium and sodium, showing disk rotation spanning 20-40
km s−1 (Leadbeater et al., 2012). That study confirmed a previous measure of disk
rotation (found to be 42 ± 2 km s−1) using hydrogen gas in/above the disk (Saito
et al., 1987). Further parameter derivations are provided in Chapter 3.
One unique aspect of the ε Aurigae system was the discovery of two phase-
dependent disk temperatures: a warm side of 550 ± 50 K was observed around
eclipse phases (Backman et al., 1984; Hoard et al., 2010); a hot side of 1150 ± 50
K was determined from observations around the secondary (or anti-) eclipse phase
(Hoard et al., 2012). Figure 1.6 shows the associated phases of observations for each
of the two derived temperatures; the thickness of the bands are the ±50 K error in
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the spectral energy distribution fitting. The differential heating can be explained by
examining top-down orbit views of the system, as shown for two example distances
in Figure 1.7. The F- and B-star orbits are represented by the green and blue lines,
respectively. The 740 pc distance corresponds to a q = 0.75, while the 952 pc model
has a q = 1.25, coordinating with Table 3.9. Both plots show the location of eclipse
for each of the stellar components in their relative orbits (by the red asterisks).
The shaded disk is shown in multiple locations on the 952 pc plot to emphasize
the changes in distance between it and the external F star. Earth is “up” in both
cases. Remember that the system is actually at an inclin4ation of ∼ 89◦ and these
are just top-down (i = 0) representations of the orbit. The disk is asymmetrically
heated by the external F-star as it moves along its orbit, causing the two-toned
temperature distribution. The present work uses these disk temperatures to apply
further constraints on the system parameters (see Chapters 2 and 3).
1.3.2 Evolutionary possibilities
The distance debate
Further intrigue with the ε Aurigae system stems from its evolutionary status,
which is debated for a few reasons. The first happens to also extend from the
highly uncertain distance. As explained previously, the uncertainty in the distance
combined with known angular values and orbital parameters gives various size and
mass distributions in the system, according to a given distance: a large distance
(q > 1) denotes larger, more massive components and a smaller distance (q < 1)
gives a smaller, less massive system. If one requires the B-star to remain on the main
sequence—as is discussed in Hoard et al. (2010) and Stencel et al. (2011)—in either
situation, then a comparison can be made using the B-star. A more massive, main-
sequence B-star is younger than a less-massive star, as shown by the main-sequence
20
Figure 1.6: This image compiles a thermal phase curve for the ε Aurigae system,
based on the two observed disk temperatures thus far published. The observations
were taken around mid-eclipse and secondary eclipse phases, as shown here. The
thickness of the bands correspond to the ±50 K for each: 550± 50 K and 1150± 50











































































































































































































































































































For instance, if MB? = 3.9M and LB? = 157L (a ∼B7V), then τMS ∼ 250 million
years. However, ifMB? = 15.7M and LB? = 2.8×104 L (a∼B1V), then τMS ∼ 5.5
million years. Again, these are main-sequence estimations for the B-star—which,
recall, is hidden by the disk and only identified in the far-ultra violet region of the
spectrum—and allows us to distinguish between q-values greater than or less than
1. The larger distances, therefore, denote a younger system. Since the published
(constrained) distances range from 550− 1200 pc, a span of ages is implied as well.
The F-star debate
Most of the evolutionary status debate comes from the F-star. The known
spectral type of F0 places it as a late F-class star with a temperature of about
7750±250 K (Hoard et al., 2010) (some put it as an early A-type); spectrum analysis
from Strassmeier et al. (2014) give a temperature of 7395± 70 K, though the F-star
is known to be variable as well. Most analysis points to the F0-star having a “Ia” or
“Iab” status, which denotes a luminous super-giant star, with log g ∼ 0 (see Stencel
et al., 2011; Chadima et al., 2011; Harmanec et al., 2013; Muthumariappan et al.,
2014; Strassmeier et al., 2014, and references therein). Hoard et al. (2010) assigns
type II or III, denoting only a giant or bright-giant star. The problem with this
region of stellar evolution is explained well by Webbink (1985):
“There are in fact a number of possible evolutionary phases in which a
star, evolving either singly, or as a member of a close binary system, may
pass through an F0 supergiant state.. . . Possible evolutionary models of
the F0 Ia supergiant range from pre-main-sequence contraction through
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shell hydrogen burning, core helium burning, to shell helium burning,
depending on the absolute luminosity of the system, for models in which
no mass transfer has taken place. Models invoking binary interaction
include core and shell helium-burning stars, and pre-white dwarfs. . . ”
These models identify the possible evolutionary tracks that move through the
super-giant F-star phase on the HR diagram. They are essentially represented by
two proposed system models. Kuiper et al. (1937) and Carroll et al. (1991) provide
a high-mass F0Ia-star model with q ∼ 1.5; Webbink (1985) identifies this situation
as a “massive shell helium burning star.” The second is identified by Webbink
(1985) as a “pre-white dwarf mass transfer remnant,” which is basically identified
by Eggleton and Pringle (1985) as the low-mass model (q ∼ 0.25) where the F-star
has recently transferred mass to the secondary, identified as a post-AGB star (Hoard
et al., 2010). Additionally, abundance ratios of barium and carbon suggest the F-
star has gone through dredge-up processes (large convection cells are present in the
star during the AGB phase), indicative of passage through the AGB phase (Hinkle
and Simon, 1987; Castelli, 1978; Hoard et al., 2010; Stencel et al., 2015). Continual
monitoring, observation, and modeling is still needed to resolve this issue.
From the disk’s perspective
The final evolutionary discussion involves the origin of the disk engulfing the
secondary component. Two possible paths explain the disk’s origin: (1) it was
either created during the B-star formation (as a primordial disk) or later from some
sort of B-star decretion; or (2) it was formed from mass-transfer build-up from the
F-star. Each provides options for creation of the ε Aurigae disk. Figure 1.8 provides
Roche lobe plots for four possible disk origins, two which satisfy (1) and two which
satisfy (2). Each plot displays the B-star on the left and the F-star on the right.
The disk is shown as an orange disk around the current B-star. Each plot that has
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a series of Roche lobe images represents various epochs in the proposed ε Aurigae
system’s evolution. A short analysis of each configuration is given below.
A disk with B-star origin. Primordial, Figure 1.8(a): This configuration
shows the state of a primordial disk, most likely a protoplanetary disk structure
(see Carroll et al., 1991, for further details). It is birthed along with the secondary
star and follows the evolutionary description found in Figure 1.2 and §1.2. Its
make-up, therefore, is most like the interstellar medium, from which the star—and
circumstellar disk—formed. If the opacity in the disk derives mostly from the dust
grains, then the disk is of small-grain structure (≤ 1 µm) of a (mainly) silicate-
graphite mixture (Weingartner and Draine, 2001; Clayton and Nittler, 2004). It
also argues that its age is extremely young (. 1 million years) and that it recently
reached the main-sequence (Karttunen et al., 1994); this implies the stars would
still be close to, nearby, or within their birth places. In other words, nebulosity
should be observed in or around the system. Though no evidence for extraneous
material has been found directly associated around the system, Figure 1.9 shows a
nebulous region relatively nearby (∼ 40 mas). It does not seem likely, at this time,
that ε Aurigae formed from that cloud, due to the relative motion of the system,
i.e. it is not moving radially away from the nebula. Current work is under way,
analysing polarization signatures in the near-field of ε Aurigae to further clarify this
possible association (the groundwork of the project is found in Wolfe et al., 2015).
Disk modeling and spectroscopic efforts indicate the existence of larger grains (& 10
µm) with an “evolved” composition (Stencel et al., 2011; Muthumariappan and
Parthasarathy, 2012; Pearson and Stencel, 2015). Therefore, it seems unlikely that
the disk in ε Aurigae is of primordial descent and is soft evidence for a system with
q < 1, or a d . 850± 150 pc.
Be star decretion, Figure 1.8(a): Since the disk hides the companion star




























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Figure 1.9: A wide-field view (approximately a 1◦ field of view) around the epsilon
Aurigae system, shown in the center of the frame. It is a false-color image that
combines Akari, WISE, and IRIS data. The Akari data combines the N60 (center
wavelength, 60 µm), WIDE-S (90 µm), and WIDE-L (140 µm) filters. The WISE
data is an RGB image from the W1 (3.4 µm), W2 (4.6 µm), and W4 (22 µm) filters.
The IRIS data is a colorized formulation from its 12, 25, 60 and 100 µm images. No
nebulous regions exist directly coherent with the system.
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outer layers off and form a disk; this is the simple definition of a Be star (Porter and
Rivinius, 2003). The equatorial disk (i.e. extending from the equator of the spinning
star) is a gaseous disk which, according to studies completed by Touhami et al.
(2011), has a maximum radius of . 25 RB?. In fact, the infrared continuum analysis
they complete shows radii . 10 RB?. Hack (1959) and Hack (1961) hypothesized
studies of a possible Be-type object inside ε Aurigae disk. However, based on the
size of the disk in the ε Aurigae system (from recent angular measurements of the
disk), this disk origin may not be plausible. Using the angular values provided in
Table 1.2 together with the span of distances from about 550− 1200 pc, the radius
of the disk is ranges between 250− 320 RB?. Future discussion of Be star decretion
timescales may also provide further clarity. Presently, it seems unlikely the binarity
of the system would encourage a Be-stellar equatorial disk to expand more than 10
times its normal size.
Trapped stellar ejections, Figure 1.8(b): Another possibility for the ε
Aurigae disk’s origin comes from a similar process to disk formation in a primordial
sense, but instead comes from an evolved secondary star, presumed to be a B-
star. This configuration makes use of an evolved B-star, instead of the presently
assumed main-sequence B-star. So, as discussed in the primordial case, the disk
forms with their host star from a large molecular cloud in interstellar space. As the
cloud condenses at the center due to gravity, forming the protostar, the cloud begins
to rotate in the direction of the cloud’s net angular momentum. Conservation of
angular momentum via rotation and gravitational collapse eventually puts the cloud
into a disk form. A similar event could occur—especially in a binary setting—if the
current B-star has gone through a mass loss phase. Since there is no ambient
material around or close to the system, one must assume that the mass loss was
focused to the other star (the current F-star) and in forming the disk. Even if the
ejected material was spherical as it left the star, the binary interaction, orbit, and
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rotation could have constrained the material to a disk shape. Stencel et al. (2015)
report respectively lower values of C12/C13 ∼ 5 ± 1 in the disk, implying that the
C13 is from a dredge-up of material. For the present case, if the disk was created
by the trapped mass loss ejections of the now B-star, the evolved state of the host
could explain the higher levels of C13 found in the disk. This evolutionary track
also implies that the F-star may be a form of surface-enriched stars (as in Martins
et al., 2015). No current evaluations provide further clarity into the likelihood of
the ε Aurigae disk originating as such.
A disk with F-star origin. Roche-lobe overflow, Figure 1.8(c): The
formation of circumstellar disks in binary star systems typically follows the visual
here: the two stars form together, with one more massive than the other—in the case
of ε Auriage, the current F-star is this originally massive star. The more massive
star evolves faster than the smaller (i.e. uses up its supply of fuse-able hydrogen
and moves off of the main sequence). The star becomes a giant/supergiant, where
it begins to expand and cool, while fusing helium within its core. The process of
expanding places the outer regions of the star beyond the equilibrium potential
energy lines, thereby allowing some of the mass to escape the system—hence, a
Roche-lobe overflow (RLOF)—and the rest to be moved through the L1 point to
the other star. As Eggleton and Pringle (1985) and Stencel et al. (2015) describe,
the system recently went through a mass transfer state, creating the disk in its wake
with higher amounts of C13. However, if the (originally) more massive F-star has
gone through mass loss events providing RLOF, it seems likely that other material
would be found in and around the system, which is not the case3. Beyond that, the
semi-detached origin is possible as an explanation for the disk’s existence.
Wind-driven RLOF, Figure 1.8(d): This setting follows a similar path as
the previous, however, the current F-star never filled its Roche-lobe. However, the
3Note that Eggleton and Pringle (1985) use the stability of the accretion as evidence for a
possible binary system within the disk itself (instead of a single B5V star).
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stellar winds associated with the expulsion of the outer layers of the evolving star are
able to focus the material through the L1 point into the gravitationally bound field
of the secondary star. This configuration allows both stars to remain fully detached,
but permits the exchange of mass (Podsiadlowski, 2014). Evidence of a mass stream
was discovered during third-contact in the most recent eclipse by Griffin and Stencel
(2013). They find a “confined stream of material” from the F-star that is enhanced
with rare-earth elements, though the F-star itself is fairly like solar composition.
The gravitational potentials shown in Figure 1.3 illustrate ε Aurigae’s stellar radii
are within the Roche-lobe. Since no material is seen around the system, it is possible
the F-star is still undergoing evolution to the asymptotic giant branch (AGB), or is
in a post-AGB phase that is still feeding the stream via a stellar wind. This is yet
another possible route for the origin of ε Aurigae’s disk.
Mass conservation: A side note to this F-star originated disk involves ac-
counting for the lost F-star mass. A simple estimation using the concept of conser-
vative mass transfer (from the F-star to the disk, and from the disk to the B-star)
assumes the following: the disk accretes onto the B-star at approximately 10−7M
yr−1 and the disk mass is ≤ 6MX = 6× 10
−3M (via Stencel et al., 2011). If the
mass transfer is assumed to have lasted 10 million years, then the disk would have
accreted 1M⊕ onto the central B-star. Then, the total mass loss from the F-star is
just 1.006M. If the F-star indeed evolved first, then initially MF? > MB?. Using
the angular measurements in Table 1.2, this requires the system to have q > 0.65
or a distance & 700 pc. The q and d limit decreases with an increased total F-star
mass transfer. This estimation uses a few assumptions, but provides a simple check
on the system and the mass exchanged between the components.
A short Algol discussion. Taking this a step further, one may look at SIM-
BAD’s description of ε Aurigae (simbad.u-strasbg.fr): an “eclipsing binary of
Algol type (detached)”. An Algol type of binary system is one that is eclipsing and
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in a semi-detached state, or where the secondary star has filled its Roche lobe. It
also requires the primary to lie on the main-sequence. For ε Aurigae, if the primary
is a main-sequence B-star (which is one of the possible states of the B-star), then
the F-star is the secondary (giving MB? > MF?). For the given angular values found
in Table 1.2, this is the case for distances less than ∼ 850 pc, providing evidence for
a closer, older system.
If one assumes this detached Algol-type for Aurigae, one can look at specific re-
search of Algol binaries. For example, Figure 1.5, from Dervişoğlu et al. (2010), pro-
vides limits on the formation of disks in Algol systems by comparing two ratios: first,
the primary’s radius and stellar separation; and second, q = M2/M1, or MF?/MB?.
The $d shows where a disk formation is likely; the $min is where a disk must form.
Using a as the total semi-major axis with ε Aurigae, then R1/a = RB?/aT < 10
−3
for a range of q from 0.1 to 1.5. Though the mass ratio in Figure 1.5 only goes
up to 0.7, the RB?/aT values for ε Aurigae are well below the asymptotically de-
clining $min value of ∼ 0.05. Therefore, in an Algol description, the detached (or
semi-detached) ε Aurigae system will always form a disk.
1.3.3 A brief summary
The ε Aurigae system provides very unique opportunities to study binary inter-
action, stellar evolution, as well as circumstellar disk formation and evolution. Its
recent eclipse in 2009-2011 spawned numerous observation and modeling analysis.
It linked professional and amatuer astronomers through AAVSO’s CitizenSky pro-
gram. It is paving the way for further studies of other disk-eclipsing binary systems,
including not only circumstellar, but also circumplanetary disks.
Its intrigue and notoriety is grounded in its elusiveness. The distance is still
highly uncertain, causing problems with component sizes and evolutionary status.
Full, detailed binary evolution models are required to better understand how it has
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evolved, using modelling codes such as Iben (1991), Han et al. (1995), and/or Ge
et al. (2010). The disk has few infrared, spectroscopic identifiers leading to ambi-
guity in its composition. The opaque (and relatively grey) disk engulfs a hidden
companion to the external F0Ia-star; specific details concerning this hidden compo-
nent are essentially unknown, yet UV spectra identify it as a B5V. Additionally, in
most cases the system is unresolved, leaving it up to the investigator to disentangle
the signal from the (assumed) three components. Many of these complicating issues
may be universal for these disk-eclipsing binary systems. Therefore, a thorough in-
vestigation into the well-studied ε Aurigae system may provide avenues for discovery
in this class of objects.
1.4 Overview
As previously stated, ε Aurigae is the foremost system of an up-and-coming class
of objects: disk-eclipsing binaries. The orientation and configuration of these sys-
tems creates unique problems in terms of observation. It just so happens that the
most studied of these objects (ε Aurigae) also has the most holes in its understand-
ing. Therefore, novel methods are needed to help answer those concerns.
Studying the effect of thermal inertia on a disk-eclipsing binary system is intro-
duced in the present thesis, expanding the proposition by Takeuti (2011). Remote
sensing of the planet Earth has permitted scientists to distinguish and identify ter-
rain through monitoring thermal phase curves, essentially a temperature-verse-time
plot (e.g. Kahle, 1977; Price, 1977). Though circumstellar disks do not have Earthly
terrain, distinguishing how a particular region reacts to thermal heating is applica-
ble as it provides specific signatures for various elements, compounds, densities, and
thermal properties. Exoplanet research has also ventured into identifying thermal
phase curves and analysing its variation to aid in understanding composition, at-
mosphere existence and densities, etc. (Harrington et al., 2006). The inquiry, then,
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is as follows: is it possible to detect a thermal inertia effect in circumstellar disks
through analysis of thermal phase curves?
Responses to the above question may lead to further inquiries. For instance,
if a thermal inertia effect cannot be detected, is there another explanation for the
object’s thermal phase curve? As explained previously, a non-detection of this effect
still places constraints on the thermal aspects of the disk: the heating/cooling rates
are faster than the rotation and observation of the system. In other words, a thermal
phase curve with a fast heating/cooling would exhibit a temperature peak during a
flux peak (from the external source) and a temperature minimum coherent with a
flux minimum. No peak or minimum offset would be present in the thermal phase
curve. This lies at the heart of the present research.
Therefore, I propose that modeling of heating/cooling physics—in the form of
thermal phase curves—will explain the observed spectral energy distribution changes
seen in ε Aurigae. The present analysis provides further clarity for two of ε Aurigae’s
major weaknesses: its distance and disk composition. The asymmetric heating of
the disk prompted the analysis of its thermal phase curves. The application of this
type of analysis provides compelling application for similar disk systems.
The forthcoming investigation looks to address three general inquiries concerning
the thermal phase curve analysis of the ε Aurigae system. They are as follows:
(1.) Do the ε Aurigae observations portray evidence of an inertial effect?
(2.) Are there models that accurately portray the observed thermal phase curve of
ε Aurigae?
(3.) Does this inertial analysis aid in better determining any of ε Aurigae’s system
parameters?
Forms of these questions are addressed throughout this document, as the remainder
explores the application and results of the heating/cooling models. Observations,
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spectral energy distributions, and the thermal phase curve are compiled in Chapter
2. Chapter 3 describes four modelling efforts. These models are linked with the
observations and discussed in Chapter 4. Succinct solutions to the above questions,
as well as future work and other applicable systems are provided within the latter
portion of that chapter.
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Chapter 2
Updating the thermal phase
curve
In order to complete a thermodynamic modeling of the ε Aurigae system—and
in particular, its disk—construction of its thermal phase curve must be completed.
By definition, therefore, the observations of the system must yield time-dependent
disk temperatures. This is done by a two-fold process: first, time-coincident obser-
vations are obtained, reduced, and compiled via wavelength; second, representative
blackbody temperatures are used to best-fit the observations to identify with the
disk. Hoard et al. (2010) and Hoard et al. (2012) used this same procedure to de-
termine the 550 and 1150 ± 50 K temperatures of the disk. This is necessary due
to the unresolved nature of the system, which is the case for most of the telescope
observations. Kloppenborg et al. (2010) used Georgia State University’s Center for
High Angular Resolution Astronomy (CHARA) interferometer to resolve the system
to about 0.5-milliarcsec in the infrared H-band (1.65 µm). That study provided the
initial angular constraints on the components in the ε Aurigae system, which later
were adjusted in modeling efforts; the tabulated values found in Table 1.2 are further
iterations of that effort. The observational data presented here are collected from
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other telescope facilities viewing ε Aurigae as an unresolved system. Therefore, the
blackbody fitting is to aid in extracting the properties of the disk from the blended,
unresolved observations.
The end goal is to build an updated thermal phase curve (TPC) for the ε Aurigae
disk, in order to piece together its composition, size, and density by comparing it
with TPCs created by the various modeling methods described in Chapter 3. New
observations of the system are presented in coordination with archival data to build
the TPC. Therefore, §2.1 details the collected observations and §2.2 outlines the use
of observations and how the SEDs are fit. Section 2.3 shows the resulting TPC for
the ε Aurigae circumstellar disk.
2.1 Observations
The observations sufficient for building single-day spectral energy distributions
(SEDs) are presented here. An attempt is made to locate and identify coincident ob-
servations covering a large range of wavelengths. Most importantly, however, is the
examination of orbitally separated infrared observations, which—ideally—identify
directly with the disk temperatures. Therefore, optical and infrared photometry
within ±1 day of infrared spectroscopic observations are collected. The intrinsic
variability of the F-star requires this limitation (as will be shown). Fortunately, ε
Aurigae’s intriguing properties have stimulated persistent observing, even out-of-
eclipse. Newly acquired infrared photometry (an additional 17 epochs of observa-
tion) builds on the impressive infrared data set found in Stencel et al. (2011). The
current collection spans nearly 9 years, or 1/3 of ε Aurigae’s orbit, beginning in
late-2006 and ending in early-2015.
To better relate the observations with its orbital period, the epoch dates are
converted from their respective Julian Date (JD), or Reduced Julian Date (RJD =
JD - 2, 400, 000), to relative phases in the orbit. This requires parameters from the
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full orbital solution in Stefanik et al. (2010). Additionally, Stefanik et al. (2010)
claims the 1953 periastron passing occurred at RJD 32723 ± 80 and records the
orbital period as 9896 ± 1.6 days. Therefore, the most recent periastron passing
occurred at RJD 54515± 80, with mid-eclipse estimated at 55413.8± 4.8. Results,
estimates, and stated errors from Kloppenborg (2012), Kloppenborg et al. (2015),
and Stefanik et al. (2010) provide mid-eclipse determination errors of < 10 days.
Also, the present orbital calculations performed here use a position angle of 309◦.
Using the periastron and orbital period values, one can convert the RJD into
orbital phase, denoted as t/P :
t/P = (RJDobservation − RJDperiastron) /P, (2.1)
where P is the orbital period. Note that some slight adjustments are necessary for
observations occurring before the recent periastron passage (i.e. an additional ±1
to put the phase in the correct pretence). All the IR observations dates have been
converted to the Stefanik et al. (2010) orbital solution. The most recent periastron
(RJD 54515) is taken as orbital phase t/P = 0. Therefore, the observations span
−0.044 to 0.254 (54080 - 57027 RJD), with the visual, mid-eclipse occurring at
2455413.8 ± 4.8 (t/P = 0.091 ± 0.008). For further reference regarding the orbital
solutionsm see Stefanik et al. (2010) and Kloppenborg et al. (2015).
2.1.1 Infrared
The importance of the infrared (IR) part of the spectrum lies with the presumed
disk temperatures. As explained previously, observations have confirmed the pres-
ence of a warm and hot side of the disk. Combined with modeling from Takeuti
(2011) and Muthumariappan and Parthasarathy (2012), the disk temperature may
range between 250 − 1200 K. The associated peak wavelengths of that blackbody
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range are 11.6 − 2.4 µm, falling within the near- and mid-infrared region, and cor-
respond to the observations presented here. The collection of infrared (IR) data
includes both ground- and space-based observations. While most of the data was
published previously (Stencel et al., 2011), new observations have been acquired and
some adjustments made since the last IR publication. Data from Spitzer ’s IRAC
photometer, the Aerospace Corporation’s BASS spectrograph, and IRTF’s SpeX
spectrometer are collected in order to identify the changing temperature of the disk;
each are subsequently discussed.
Spitzer/IRAC
The Warm Mission of the Infrared Array Camera (IRAC, Fazio et al., 2004) on
the Spitzer Space Telescope (Werner et al., 2004) provides two channels of photo-
metric images: 3.6± 0.3 and 4.5± 0.5 µm. It was operated through the most recent
ε Aurigae eclipse, except for the 2009 data point, or the first of this dataset. As
described in Hoard et al. (2010), observations of the 1.48-magnitude ε Aurigae in
K-band is technically too bright for this particular instrument. However, by plac-
ing the object’s observed centroid between four pixels, the most intense part of the
incoming beam did not saturate the detector and spread the remaining light over
the surrounding pixels. Each channel observation consisted of sixty-four 0.02-second
exposures in this configuration.
Processing of the images were completed by D. W. Hoard using the IRAC
Data Handbook for the reductions and the Image Reduction and Analysis Facility
(IRAF1) program to complete the aperture photometry (Tody, 1993). The recent
set of observations obtained weekly over a 6-week period, provided a refinement in
the background subtraction. Therefore, not only are the new data presented here,
1IRAF is distributed by the National Optical Astronomy Observatories, which are operated by
the Association of Universities for Research in Astronomy, Inc., under cooperative agreement with
the National Science Foundation.
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Figure 2.1: Twenty-three epochs of Spitzer/IRAC observations are shown for both
the 3.6 and 4.5 µm bands. The evidence of the two-year long eclipse is seen in the
early epochs. The slight wavelength dependence of the eclipse depth, as described
by Backman et al. (1984), is also seen in the comparison between bands. The final
six epochs are spaced a week apart to identify the instability of the F-star.
but also the corrected IRAC data. Figure 2.1 and Table A.1 (in the appendix) show
the measured flux densities.
IRTF/BASS
Observations were made with The Aerospace Corporation’s Broadband Array
Spectrograph System (BASS, Hackwell et al., 1990; Hanner et al., 1994), which is a
non-scanning 116-element prism system, covering ∼ 2−14µm. Michael Sitko of the
University of Cincinnati and Ray Russell of The Aerospace Corporation obtained,
reduced, and processed the BASS data. These observations are of particular interest,
as stated earlier, due to the IR-excess of the ε Aurigae disk appearing across these
wavelengths. Seven epochs span nine years, from 2006 to 2015, or about 1/3 of the
orbit of ε Aurigae.
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The set of seven, processed epochs are found in Figure 2.2 and tabulated in
Appendix B. The epoch dates are also shown in Table 2.1. In the figure, all the
BASS epoch data are represented as Fν ν
−2 in units of Jy Hz−2 to emphasize the
departure from the Rayleigh-Jeans black-body limit (where 1 Jy = 10−26 W m−2
Hz−1 = 10−23 erg s−1 cm−2 Hz−1); Engelke et al. (2010) uses λ4Fλ when calibrating
infrared stellar spectra—this is equivalent to the prescription shown here, but with
additional constants. Hoard et al. (2012) uses the “Jy Hz−2” units to identify the
differences between the warm and hot sides of the disk (see the subset image in
their Figure 2). Tellurics from the Earth’s atmosphere are responsible for the gaps
and increased error in the data near the gaps. In particular, if the atmospheric
corrections were perfect, the data would show a smooth, increasing distribution;
instead, the atmospheric errors around the gaps create downward (and sometimes
upward) curvature. This induced error can be seen most prominently in Figure 2.2
at about 5.5, 7 − 8, ∼ 9 − 10, and > 13 µm. Each observation is scaled so as to
attempt to remove any variation in the F-star flux, especially during eclipse. A
nominal Castelli and Kurucz (2004) model atmosphere of a 7750 K F-star is also
shown to emphasize the changes in the IR flux.
The change in disk temperature is pronounced in the epoch-to-epoch changes in
the slope of the infrared data, since this is the region where the impact of the disk’s
IR excess begins. The observed flux (from the unresolved system) is determined by
the combination of FTotal = FF?+Fdisk+FB? ' FF?+Fdisk. The central B-star is not
considered in this analysis since the contribution of a ∼ 15000 K star in an opaque
disk is < 0.01 Jy at 2 µm. The residuals of the SED-fitting analysis fall within the ±1
Jy region, so an inclusion of the B-star’s contribution would simply fall in the noise.
Prior to solving for the slope, an extrapolated, wavelength-dependent extinction is
applied to remove any additional curvature in the data (a full description of the
de-reddening process is found in §2.1.2). Each BASS epoch is fit with a simple
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Table 2.1: BASS dates of observation
RJD
Date Orbital period
Power-law fit (F = a λb)
(JD - 2450000) a (Jy) b
54080 2006 Dec 11 -0.044 719.6± 18.2 −1.616± 0.016
54712 2008 Sep 03 0.020 778.3± 11.5 −1.701± 0.007
55026 2009 Jul 14 0.052 650.1± 15.1 −1.610± 0.011
55164 2009 Nov 29 0.066 470.2± 9.2 −1.641± 0.009
55492 2010 Oct 23 0.099 412.9± 5.6 −1.655± 0.006
55771 2011 Jul 29 0.127 739.7± 12.5 −1.698± 0.008
57027 2015 Jan 05 0.254 750.3± 6.3 −1.672± 0.004
power-law in order to emphasize the effective slope in the data: Fλ = aλ
b. The
power-law fit is used to complete the minimization with the SED-fitting. The best-
fit power-law and associated errors are included in Table 2.1. Again, the fit is only
for use in minimizing solutions to the SED-fitting routine, not for further error or
data analysis and manipulation.
SpeX
No new IRTF/SpeX observations or analysis are presented here; all are presented
in Stencel et al. (2011). However, the moderate resolution (R ∼ 2500) spectrometer
housed at the NASA Infrared Telescope Facility (IRTF) spans 1− 5µm in the near-
IR (Rayner et al., 2003), and conveniently overlaps with a portion of the BASS
observations. However, only three sets of SpeX observations are remotely near the
BASS data, within 2-5 days. Table 2.2 includes the dates of all the recent SpeX
observations and notes those corresponding with BASS observations. They were
to be used as an aid in the fitting and scaling corrections during the SED fittings,
however, because the observations were not coincident ±1 day, the variability in the
F-star (or small differences in SpeX verse BASS calibration) required yet another
adjustment to the SpeX data.
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Figure 2.2: Seven epochs of de-reddened BASS observations are shown here in Fν ν
−2
form in order to emphasize the departure from the underlying, 7750 K F-star. The
excess corresponds to the irradiation of the disk in the ε Aurigae system. Changes
in the excess (beyond 7 µm) equate to a varying disk temperature, dependent on
the orbital phase of system at the time of observation. Gaps and increased error
near the gaps span telluric regions from the Earth’s atmosphere.
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54493 2008 Jan 27 -0.002
54842 2009 Jan 10 0.033
55084 2009 Sep 10 0.057
55140 2009 Nov 29 0.063
55167 2009 Dec 01 0.066 X(+3)
55250 2010 Feb 24 0.074
55432 2010 Aug 24 0.093
55467 2010 Sep 27 0.096
55494 2010 Oct 24 0.099 X(+2)
55499 2010 Oct 29 0.099 X(+5)
55513 2010 Nov 12 0.101
55537 2010 Dec 06 0.103
55569 2011 Jan 06 0.106
55624 2011 Mar 04 0.112
55649 2011 Mar 29 0.115
55829 2011 Sep 24 0.133
† Questions whether an observation is near a BASS ob-




As previously discussed, it is known that the F-star is intrinsically variable (Klop-
penborg et al., 2010; Kloppenborg, 2012; Geise et al., 2012; Strassmeier et al., 2014).
Regardless of where it lies along its stellar evolutionary track (supergiant or post-
AGB), its variability is evident and persistent. This is most clearly seen in the
most recent broadband, optical observations, shown in Figure 2.3, and span approx-
imately 1-year from August 2014 to June 2015. These out-of-eclipse observations
show the presence of the F-star variability in all four bands. This also confirms
the approximately 70-day sinusoidal variation reported by Kloppenborg (2012) and
Strassmeier et al. (2014). The American Association of Variable Star Observers
(AAVSO) database became the source of coincident coverage with the IR observa-
tions (Kafka, 2015).
The collection of optical data was to aid in building more complete single-day
SEDs centered around the semi-sporadic IR observations, typically a couple hundred
days apart. Even with the extensive resources of the AAVSO, only a very few number
of observations reported as standardized and transformed, limiting the available data
coincident with the IR observations. Table 2.3 shows the available broadband data,
where the flux density and errors are derived from reported magnitudes using the
assumed Johnson filter zero-points (shown in the table header) and this equation:
S = S0 × 10−m/2.5, (2.2)
where S is the resulting flux density based on a given zero-point, S0, and observed
magnitude, m.
After this conversion, a de-reddening is applied in order to find the intrinsic flux
density. General extinction coefficients for the broadband wavelengths defined in
Fitzpatrick (1999) are used to de-redden the optical and near-IR wavelengths. Table
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Figure 2.3: Out-of-eclipse, broadband optical photometry of ε Aurigae is shown from
August 2014 to June 2015. F-star variability is present in all four bands. The ∼ 0.1
mag change in the V-band corresponds to a ∼ 35 Jy change in flux density. The
intrinsic variability requires coherency between the optical and infrared observations
in order for the models to correctly remove the F-star flux from the data.
2.4 includes the extinction values, Aλ, used in coordination with an E(B−V ) = 0.37,
where E(B − V ) is the reddening, defined as the difference between observed and
intrinsic (B − V ) magnitudes. The E(B − V ) value is the average of published
reddening from a variety of sources cited in Hoard et al. (2010)2. Fitzpatrick (1999)
explains the uncertainty in E(B−V ) and subsequent extinction values can be∼ 20%.
2.2 SED construction
Hoard et al. (2010) used a full-spectrum SED to identify three components of
ε Aurigae system: a bright, 7750 K, F0Ia-star, a single, hot (∼ 15000 K) B5V-star
within a ∼ 30% transmissive disk. The observations used for the Hoard et al. (2010)
SED compilation avoided eclipse times and, generally, gathered data surrounding




















































































































































































































































Table 2.4: Broadband, de-reddening values










Note: Values were calculated us-
ing an assumed E(B − V ) = 0.37,
following Fitzpatrick (1999) and
Hoard et al. (2010).
the eclipse period, identifying with a blackbody temperature of 550± 50 K. Hoard
et al. (2012) analyzed observations at anti-eclipse phases and identified the disk with
an 1150± 50 K blackbody temperature. Additionally, pre- and post-eclipse phases
show different disk faces, and should be associated with variability in the observed
SED, in particular, the IR-region of the SED. Modeling from Muthumariappan and
Parthasarathy (2012) identify possible disk minimum temperatures of 250 K by
looking at Monte Carlo radiative transfer models of the disk-B-star configuration
only. Extracting additional disk temperature measurements is the point of this
section.
The collection of observations allow for the construction of daily spectral energy
distributions (SEDs). This permits a time-dependent study of the disk tempera-
tures, after SED-derived temperature fits are made with the observations. This
section describes the various aspects of the SED-fitting—i.e., the various compo-
nents of the ε Aurigae system—and provides disk’s parameters for each epoch of
infrared observations. Two SED-fittings are conducted, each with different con-
47
straints on the system. First, the open fitting uses only a few constraints on the
system. Second, the closed fitting heavily constrains the parameters, especially for
the disk component. Both results are given here.
2.2.1 The data
As outlined above, optical and infrared data were collected to provide suitable
wavelength coverage to perform an SED-fitting routine. However, complications
removed the optical, IRAC, and SpeX data from consideration. The first is found in
the associated error of the optical broadband observations. The purpose of using the
coincident optical observations was to simply track the intrinsic F-star variability
and effectively remove that contribution from the infrared data. However, inclusion
of the ∼ 20% error from de-reddening withdrew their usefulness.
The IRAC data had a similar fate due to the non-coincidence with the BASS
data: the minimum number of days separating an IRAC and BASS observation
is 5-days. However, the SED-fitting required only ±1-day between observations.
Consider Figure 2.4. Each band has removed the pre-eclipse magnitudes obtained
on 26 April 2009. This provides clear evidence as to how the IRAC channels respond
to the system’s changing flux: they follow the F-star quite strictly. There are some
departures from the V-band variability, which may be indicative of either additional
noise or short-term variability on the disk. The latter is not considered further.
SpeX data was also found too far removed from the BASS observations to use
in the fitting routines, due to either intrinsic F-star variability or slight differences
in SpeX and BASS calibrations. Though only a 2-day separation in one case, the
variability or calibration differences were enough to offset the connection between
the SpeX and BASS data and required yet another scaling parameter to account for
the differences. Though the SpeX data can be manually scaled to fit the < 5 µm of
BASS, it is not used in fitting the SED. The non-coincident IR data was either too
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sparse (e.g. IRAC) or to short (e.g. SpeX) to conduct a lone SED-fitting on those
dates. Therefore, only the BASS observations are considered for the fitting process.
The benefit to working with the BASS observations is three-fold:
(1.) they provide a large temporal baseline of nearly 9 years;
(2.) they span our prime wavelength region of research, from 3− 14 µm; and
(3.) the flux data is reliable (intrinsic errors are ∼ 1%, with systematic errors adding
only ∼ 3− 5% more).
Using only the BASS data allows for consistent treatment of the processed data
spanning nearly 1/3 of the orbit. The broad wavelength range and relatively low-
errors are sufficient for performing SED-fitting. Therefore, the fitting profile is
limited to match the wavelengths provided from the BASS observations and given
certain constraints on the system’s components.
2.2.2 The stellar components
Originally, the wide-spectrum daily SEDs were to provide additional clarifica-
tion on the F-star and B-star temperatures. Instead, however, the full-spectrum
SED solution of a 7750 K F-star, as found by Hoard et al. (2010), is used for the
bright F-star. Attempts were made to explore other F-star temperatures spanning
6750−8250 K, but the only noticeable change between the van Hamme (1993) linear
limb-darkened F-star temperatures in the 2−15 µm region was a slight scaling factor
between temperatures, as shown in Figure 2.5. The slope is consistent throughout
the region, following a near Rayleigh-Jeans limit. The inherent ∼ ±4.5% error in
the updated angular measurements provided by Kloppenborg (private communica-
tion, 2013) in Table 1.2, nearly spans the difference between the 6750 and 8250 K
F-star model in the infrared. Those reported angular measurements are used as the
lower and upper limits to the radiating area of the F-star during the SED-fitting
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Figure 2.4: Magnitude values for V-band (from AAVSO) and channel 1 and 2 of
Spitzer/IRAC, from 1 August 2014 to 1 June 2015. Each respective band removed
the pre-eclipse magnitudes obtained o 26 April 2009. As can be seen, once the
baseline flux from the object is removed from each band, it is easy to see the two
IRAC channels closely follow the F-star changes in the V-band.
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routine. In fact, even the ∼ 66-day, ∼ 0.1 magnitude intrinsic, periodic variability
in the F-star (Kloppenborg, 2012) is accounted for in that radiating area range for
the F-star. To simplify this implementation, the radiating area range is compared
to a nominal size of the F-star. This so-called “radiating area” is to provide leniency
for a fluctuating star, either by a physical diameter change or subtle temperature
change within the ±500 K error of the assumed temperature. If the reported an-
gular diameter and its error from Table 1.2 are converted to emitting areas, then
a scaling factor can be found for the minimum and maximum angular values us-
ing Amin/AF?, where AF? is the emitting area associated with the reported angular
diameter. Therefore, the area scaling factors range from 0.91 to 1.10. Then, to
account for the eclipse observations, a preliminary SED-fit was completed to iden-
tify the initial range of scaling factors for each observation. Then, those values are
adjusted according to the limiting angular size ranges and used in a final fitting
process. The scaling factors and the associated plus-minus are found in Table 2.5
and shown in Figure 2.8.
The B-star, engulfed by the disk, is actually removed from this particular SED
analysis. The contribution of the B-star—using angular values and temperatures
for the B5V-star in Hoard et al. (2010)—at ∼ 1 µm is < 0.3 Jy and < 0.01 Jy at 10
µm. Even a ∼ 20, 000 K temperature B-star does not emit enough in the infrared
to exceed the noise in this analysis. The B-star’s flux density contribution falls in
noise of the best-fit residuals. Therefore, it has been left out of the analysis.
2.2.3 The disk
There are a few different ways to describe the eclipsing disk. The first is to
assume a single blackbody description, as completed by Backman et al. (1984) and
Hoard et al. (2010), the latter using data just before and after eclipse to fit a 550±50
K blackbody disk. This assumption is well supported: if the disk is very opaque
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Figure 2.5: Castelli & Kurucz (2004) stellar atmosphere models for F-stars with Z ∼
1 and log g ∼ 1 include temperatures ranging from 6750− 8250 K, in increments of
250 K. Most of the flux density distinction between the stellar atmosphere models of
varying temperatures occurs < 1 µm. The inset shows the BASS infrared wavelength
region in units of Jy Hz−2. This shows the differences between the stellar atmosphere
models is only a small scaling factor; the slope is not affected for anything ≥ 2
µm, for it is Rayleigh-Jeans limited. The present analysis of the ε Aurigae system
assumes an F-star with TF? = 7750 K, diagnosed by the full, observed SED-fit found
in Hoard, Howell, & Stencel (2010).
Table 2.5: Error-constrained F-star scaling factors
Date Scaling factors (An/AF?)
(RJD) Nominal (1.00) −σ (0.91) +σ (1.10)
54080 0.95 0.86 1.04
54712 0.93 0.84 1.02
55026 0.86 0.77 0.94
55164 0.60 0.54 0.66
55492 0.52 0.47 0.57
55771 0.89 0.80 0.98
57027 0.93 0.84 1.02
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(τ  1), the disk facing towards Earth may act as a solid, single temperature black-
body. The absence of infrared spectroscopic features (both in emission and absorp-
tion) points to the lack of temperature variation required to observe those features.
Recalling Kirchoff’s radiation laws, emission and absorption features require hot
and cool diffuse gas in front of a continuous spectrum source. A dense gas or solid
object produces a smooth, continuous spectrum in the form of blackbody radiation.
Therefore, both of the following situations point towards a featureless spectrum in
ε Aurigae’s disk: the nearly edge-on inclination of the disk is not suitable for a
diffuse-dense gas prescription and the disk is a dense, opaque, blackbody-emitting
object. The single blackbody prescription seems like a sufficient way to describe the
disk in ε Aurigae.
However, Hoard et al. (2010) also determined the disk required two scaling pa-
rameters: one associated with the emitting area and the other an effective “emis-
sivity,” though the authors are quick to point out the “emissivity” described here
does not follow the traditional definition. Instead, this “emissivity” factor accounts
for the disk not being perfectly opaque. In other words, the associated area and
“emissivity” are two ways to enhance the disk’s contribution to the observed SED: a
larger emitting area provides more disk flux and the “emissivity” accounts for some
of the interior irradiation of the disk to leak through. Hoard et al. (2010) determine
an “emissivity” factor of 2.43 and leave the physical interpretation incomplete. This
assumption actually provides an avenue to investigate an expansion of this assumed
single blackbody-emitting disk.
A second way to build the disk’s contribution to the SED is to permit the disk to
have more than one blackbody-emitting region. As a follow-up report to Hoard et al.
(2010), Hoard et al. (2012) include a thick, dense, cool disk region (at the previously
described 550 K) with an additional thin, hot atmosphere, about 13% of the disk’s
thickness, or about 26% of the total disk emitting region—assuming a rectangular
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slab for the emitting portions of the disk. This is a reasonable assumption, given
that many disk prescriptions (including the Monte Carlo radiative transfer, MCRT,
models in §3.2.2) construct a flaring disk with a thin atmosphere that is warmer than
the rest of the disk because of the direct radiation from the central star (Dullemond
and Dominik, 2004); Figure 2.6 illustrates this particular configuration, showing
a vertical slice of only half the disk, i.e. the central star is to the right. The
figure illustrates a number of features of the disk (which is why MCRT codes are so
important for dense, dusty regions):
(1.) the cool, dense region of the disk is uniform in temperature, for about the outer
four-fifths of the disk;
(2.) the warm, thin atmosphere may be observable at an edge-on perspective;
(3.) if the disk is semi-transparent, the hot inner disk (the inner 1/5 of its radius)
may contribute to the second blackbody temperature; and
(4.) a two-temperature disk may be a very good description of the disk.
The MCRT temperature plot supports the use of a two-toned disk temperature
application in attempting to fit the observed SED.
Both the single and double blackbody models also have the “emissivity” and area
scalar terms to examine during the fitting. One thing to note with both of these
multiplicative terms is that they are just that: they multiply the disk flux to account
for additional physical properties not accounted for in the blackbody assumptions.
For the analysis presented here, the multiplicative terms are combined into one
scaling factor, denoted as Ξ. Additionally, for the two-blackbody fit, each blackbody
has its own scaling factor (Ξdense and Ξdiffuse), as each temperature accounts for
a different amount of the emitted disk flux. Again, Ξ is a multiplicative term
accounting for a size scaling and possibly “emissivity”. For example, if one assumes
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an “emissivity” factor of 2.43, then dividing Ξ by the “emissivity” gives the scaling
size of the disk. Note that, similar to the F-star scaling factor, this is based on a
nominal value, generated by the angular distribution values from Table 1.2; it uses
the total disk thickness and disk diameter to compute a rectangular area emitting










where c is the speed of light, h is the Planck constant, and k is the Boltzmann
constant.
There are two parameter sets used in the SED-fitting routine for determining
best-fit solutions of the disk’s temperature(s) and Ξ value(s). These are denoted
as open and closed. The differences between the parameter sets are found within
the dense region of the disk, but the explored parameter space for the diffuse region
is consistent between them. Take the Tdiffuse, for instance: other than the most
recently published SEDs of ε Aurigae—found in Hoard et al. (2010) and Hoard et al.
(2012)—which give the night and day sides of the disk with temperatures ≤ 1300 K,
only a few other temperature and size constraints exist. Stencel et al. (2015) identify
transient carbon monoxide (CO) absorption during eclipse that denote temperatures
of 1275 ± 25 and 1050 ± 25 K, near mid-eclipse and at third-contact, respectively.
If the CO absorption is occurring along the surface of the disk at/near its edge,
then a reasonable estimate for this temperature is Tdiffuse < 1300 K; this is used
as the upper-bound for the SED-fitting in both the open and closed schemes.
The relative proportion and/or size of this hot portion is limited, in the sense that
if this hot, diffuse portion of the disk is much larger than the cool, dense part,
the observed 550 K would not be present. Therefore, Ξdiffuse of the hot, diffuse
region is limited to a few times the nominal disk radiating area. Specifically, it
searches through an arbitrary scaling factor range of 0 ≤ Ξdiffuse ≤ 10, where the
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minimum allows the fitting to search for diffuse disk contributions that are < 1, if
necessary. The “0” allows the fitting procedure to investigate the possibility of a
single blackbody—but, as will be shown, none of the best-fit solutions are identified
as a single blackbody. The maximum Ξ is significantly large compared to the fairly
well-constrained angular size of the disk (via Table 1.2). A quick fitting procedure
allowed for a scaling factor of 25, but no solutions were found greater than a factor
of 5; therefore, 10 was prescribed to speed up the fitting calculation. Again, the
diffuse parameters apply to both open and closed fittings.
The real constraint difference between the two fittings is how the dense disk is
limited. The open fitting searches through the same range of Ξdiffuse for the dense
scaling factor: 0 ≤ Ξdisk ≤ 10. Once again, the “0” permits a search for a best-fit
single blackbody. This provides a large parameter space for the Ξ, which is associ-
ated with both the size and “emissivity” of the disk, and is applied to both parts
of the disk. The difference in the closed fitting is that the Hoard et al. (2010)
prescribed “emissivity” of 2.43 is applied to the calculated area errors from Table
1.2. This provides a range of 1.89 ≤ Ξdisk ≤ 2.99, which are adjusted according
to the eclipse phases to account for the change in the F-star flux. This allows for
small adjustments in the disk’s emitting area and possible opacity fluctuations. For
reference, Hoard et al. (2010) derived the “emissivity” factor from observations sur-
rounding mid-eclipse. The observations used in the present analysis are generally
found around that same time, which is why the application is a reasonable assump-
tion. The temperature ranges for the open and closed schemes are similar: they
both start at 100 K since no true minimum has yet to be observed. Muthumari-
appan and Parthasarathy (2012) model disk-edge temperatures of ∼ 250 K with
no associated error; therefore, 100 K is taken as the minimum for completeness.
The maximum temperature of 1600 K for the open fitting is consistent with previ-
ous model fittings (Takeuti, 2011; Muthumariappan and Parthasarathy, 2012) and
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Figure 2.6: A Monte Carlo radiative transfer temperature plot (a re-colored version
of Figure 3.8), representing a possible configuration of a flared disk with a cool,
dense mid-plane region and a warm, thin atmosphere. This figure is a vertical slice
through only half of the disk, with the interior star to the right. It shows that even
if the observer is edge-on from the left, a bit of the warm, thin disk atmosphere is
observable. The majority of the edge-on view would be mostly the cool, dense disk,
supporting the use of a single blackbody description for the disk. However, it also
gives credence to the combination of the cool and warm blackbody combination.
The ε Aurigae system is unresolved in most observations, so the observed SED is a
combination of both blackbodies. The figure is as-obtained from the MCRT models
of the basal temperatures of ε Aurigae. The outlined region of the atmosphere, in this
figure, shows the atmosphere temperature only reaching about 1000 K, consistent
with Hoard et al. (2012).
taken as a general sublimation disk temperature. The 1200 K for the closed fit-
ting is taken from Hoard et al. (2012) and Takeuti (2011) as the maximum disk
temperature. Additional discussion is included below when describing the best-fit
solution.
2.2.4 Best-fit solutions
The list of parameters used to find the best-fit solutions to the infrared portion
of the SED are listed in Table 2.6. These include shared parameters between both
the open and closed schemes, as well as the separate ranges. The nominal value
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and associated scaling factors are included. The best-fit solutions were computed









The specific flux density is then subtracted from the BASS observations for each
wavelength at a particular epoch and weighted with the associated error per a χ2











where F observedλ and F
model
λ are the observed and modelled flux densities at a certain
wavelength. The χ2 for a particular set of model parameters is summed across all
of the BASS wavelengths and the minimum is determined.
The best-fit SEDs for both fitting schemes are shown in Appendix C for all
seven BASS epochs and are tabulated in Tables 2.7 & 2.8. Residuals are also shown
over the BASS wavelengths, ∼ 3 − 15 µm. The best-fit values (based on the min-
imum χ2 values for each set of parameters) are given in those tables; if a range is
stated instead, then the best-fit parameters within 10% of the χ2 are included. The
majority of F-star scalar solutions were singular, to within a χ2 of 10%. The result-
ing disk temperatures have standard deviations of approximately 150 K, in-and-of
themselves. This is derived by fitting the close-proximity fits with a Gaussian dis-
tribution and solving for the width of the peak. Therefore, an intrinsic ±150 error
is associated with each best-fit Tdisk solution, including those with ranges as the
solution. The Tdiffuse values corresponded to a larger error of ±200 K, which was
expected; the only constraint was that the temperature be < 1300 K. The analysis
of the SED-fitting results follows.
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Table 2.6: SED-fitting parameters
Parameter Nominal value Minimum Maximum
scaling factor scaling factor
TF? (K) 7750± 50a - -
Tdiffuse (K) 1300
b ∼ 0.08 (100 K) 1 (1300 K)
AF? (mas
2)c 1.01± 0.07 0.91 1.10
Ξdiffuse (mas
2)c Adisk 0 10
Open fitting





Tdisk (K) 550± 50 a,d ∼ 0.182 (100 K) ∼ 2.18 (1200 K)
Ξdisk (mas
2) 2.43× 11.650+2.624−2.491 c,d 1.89 2.99
a Hoard et al. (2012)
b Stencel, Blatherwick, & Geballe (2015)
c Kloppenborg (private communication, 2013) and Table 1.2
d Hoard, Howell & Stencel (2010)
Table 2.7: Best-fit open parameters for each BASS epoch, assuming an F-star
temperature of 7750 K
Epoch (RJD) F? scalar Tdense (K) Ξdense Tdiffuse (K) Ξdiffuse




















































Table 2.8: Best-fit closed parameters for each BASS epoch, assuming an F-star
temperature of 7750 K
Epoch (RJD) F? scalar Tdense (K) Ξdense Tdiffuse (K) Ξdiffuse

















































2.3 SED analysis and the updated TPC
Treatment of the results for both parameter sets are described here. Each set
provides estimated disk temperatures for each BASS observation epoch. Connec-
tions and analysis with subsequent modelling schemes are discussed in Chapter 4.
This section only moves through an analysis of the resulting temperatures and lays
out the preparatory foundation for those modeling schemes. Two possible—but
very similar—solutions to the thermal phase curve of ε Aurigae are presented via
the open and closed parameter sets.
2.3.1 The Open fitting
Discussion begins with the open group of parameters. The fitted F-star scaling
factors follow the general eclipse observed in the optical wavelengths (see Stencel,
2012; Strassmeier et al., 2014), as seen in Figure 2.8. This plot shows the constraints
on the F-star scaler as the shaded region, given by the errors calculated from Klo
angular values. The best-fit solution is shown and lined to emphasize the same


























































































































































































































































































































































































































































































































































































































The best-fit Tdense solutions are all lower than the previously published solutions
regarding the night side of the disk (see Backman et al., 1984; Takeuti, 1986; Hoard
et al., 2010). It is noted, however, that the data used for the previously published
SED analysis utilized pre- and post-eclipse observations, which actually correspond
to the highest disk temperatures found with the present analysis (before and after
eclipse). This analysis, therefore, is consistent with previous publications. The
temperatures of the hot, diffuse region range between 650 and 1025 K, or by a
factor of ∼ 1.5. Most of the best-fit solutions fall close to the range described by
Hoard et al. (2012), however, the solved temperatures seem to prefer a lower value,
more consistent with the hypothesized “atmosphere” values shown in Figure 2.6. A
plot of both temperatures is shown in Figure 2.7.
The associated Ξdense falls between 1.1 and 5.5. Recall, the Ξ value is a combined
scalar to account for changes in the size of the disk and its “emissivity”, or additional
flux from the interior of the disk. It can be defined as such:
Ξ = εA0, (2.6)
where ε is the “emissivity” and A0 is the area scaling factor. Even with Ξdense
changing by a factor of 5, the Tdense values only vary by a factor of ∼ 1.75. The
best-fitting solution is much more dependent on the temperature, than the effective
radiating area
(
F ∝ AT 4
)
.
The Ξdiffuse varies between 0.6 and 1.6, or by a factor of about 2.8. It is intriguing
how much relative amount of the warmer blackbody is needed to fit the infrared SED.
This identifies with a couple of physical situations:
1. the disk atmosphere is much larger than the Ξdiffuse = 0.26 predicted by Hoard
et al. (2012);
2. contribution to the warm disk is from “leakage” of the hotter inner disk; or
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3. a combination of the both the atmosphere and inner-disk “leakage.”
It is possible that—similar to the Ξdense—the Ξdiffuse is accounting for additional
“emissivity” from the interior of the disk, but at a warmer temperature. If the
disk has some “emissivity” factor, as seems to be the case with the higher values of
Ξdense, it is reasonable to assume warmer disk temperature radiation would make it
through the disk as well.
This becomes a simple, interesting test of the particle size distribution if this
is the case. The scaling factor ranges are as follows: 1.1 ≤ Ξdense ≤ 5.5 and
0.6 ≤ Ξdiffuse ≤ 1.6. Again, there is a scaling factor applied to the flux density of the
area × blackbody intensity, where both Ξ values are referencing the Adisk to
make the comparisons simpler. The Ξdense values are slightly higher than expected,
and, for the most part, Ξdense & Ξdiffuse. The Ξdiffuse is also larger than expected,
especially when the first approximation from Hoard et al. (2012) was Ξdiffuse ∼ 0.25,
or about 2− 6 times less than values determined here.
What causes the disparity between the dense and diffuse scalers? Are these high
values even credible? The Tdiffuse solutions have peak Wien displacement wave-
lengths of λ(1025 K) = 2.8 µm to λ(650 K) = 4.5 µm, whereas the dense disk
temperatures range from λ(480 K) = 6.0 µm to λ(275 K) = 10.5 µm.
The “emissivity” factor may point to the type of absorbers present in the disk. A
glance at Figure 3.5 shows opacity curves for three different particle distributions of
three different compositions. It shows that the larger particles have less opacity than
the smaller particle distributions, meaning that the larger distributions have less of
an ability to prohibit transmission or, rather, permit more radiation through. These
larger distributions also identify with a constant opacity value over wavelengths less-
than or equal-to the largest particle radius (in this case, 100 µm). However, only the
small particles show a large difference between the shorter and longer wavelength
opacities: the ∼ 1 µm opacities are ∼ 40 times that of the ∼ 10 µm opacities.
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An explanation of the larger Ξdiffuse could simply be opacity driven, pointing to a
smaller particle distribution. Small particles are required to keep the disk opaque—
with low transmission and “emissivity”—for shorter infrared wavelengths, but yet
semi-“emissive” for the longer IR wavelengths. The presence of large particles is also
required to keep the opacity low enough, in general, to permit the disk to have some
transmission and “emissivitiy” for the shorter wavelengths, in order to account for
the Ξdense value. Nevertheless, the small-particle theory has been discussed and—
generally—dismissed as the make-up of the ε Aurigae disk (Muthumariappan and
Parthasarathy, 2012; Stencel et al., 2011).
Another explanation for the “emissivity” disparity could point to the nomi-
nal disk area derived from angular measurements being too small to describe the
cooler, dense part of the disk—especially during the eclipse phases. The angular val-
ues were determined mostly from H-band (1.65 µm) measurements with the MIRC
beam-combiner at Georgia State University’s Center for High Angular Resolution
Astronomy (Kloppenborg et al., 2010). It is plausible that the BASS instrument
observations from ∼ 2 − 15 µm is reaching cooler material distributed in a way
that creates a larger disk, i.e. added thickness to the disk. Still, Backman et al.
(1984) showed a declining eclipse depth with increasing wavelength from 5 to 20
µm, corresponding to a decreasing disk area over those wavelengths. But a simple
calculation performed in Backman et al. (1984) gives a color temperature-derived
solid angle of the disk of 8×10−16 str at 10 µm; the nominal value used here is about
three times less. If this actually is the case, the ranges of Ξ become the following:
0.4 ≤ Ξdense ≤ 1.9 and 0.2 ≤ Ξdiffuse ≤ 0.5. This shows that more constraints
are needed on the angular size and regional contributions from the disk in order to
better grasp the implications of the Ξ scaling factor, in terms of emitting area and
excess flux from the disk’s interior.
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2.3.2 The Closed fitting
The closed parameter SED-fitting analysis agrees very well with the open pa-
rameter fitting, but applies some helpful constraints on the scaling factors. The
fitted F-star scaling factors follow the general eclipse shape and agree with the open
fitting to within ±0.01. Therefore, the open vs. closed fittings had no bearing on
the resulting F-star scaling.
The best-fit Tdense solutions are—again—all lower than the previously published
solutions for the night side of the disk. However, the pre- and post-eclipse disk
temperatures coincide better than the open fitting solutions with the previously
published 550 ± 50 K. Both fitting solutions, therefore, are consistent with the
previously published disk temperature. The temperatures of the hot, diffuse region
range between 750 and 1300 K, about 150 K hotter than the open fitting. Most of
the best-fit solutions fall close to the range described by Hoard et al. (2012). Both
dense and diffuse temperatures are shown in Figure 2.7.
The associated Ξdense, constrained to be within 1.89−2.99, averaged in the ∼ 2.6
region. Recall that this particular scalar already includes the 2.43 “emissivity” factor
described in Hoard et al. (2012). That 2.43 accounts for an additional amount of
flux from the interior of the disk. Therefore, the remaining multiplier is close to 1,
signifying the area used for the projected disk sufficiently accounts for the flux. A
few of the Ξdense terms fall below the nominal 2.43 value, showing that the emitting
area of the disk fluctuates about 10% and/or the “emissivity” factor changes due to
clumps or asymmetries in the disk; both are reasonable explanations for the varying
disk-emitting area (Indebetouw et al., 2006; Scholz et al., 2015).
The small range of larger Ξdense values produced Ξdiffuse values between 0.3−1.0,
which is what was expected from the disk’s atmospheric contribution. This shows
the emitting area and “emissivity” values for the hot part of the disk do not exceed
the nominal area of the dense disk, and are consistently about 2.5 times less than the
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Ξdense. The effect of forcing the dense part of the disk to have a consistently large
contribution to the SED diminished the contribution of the secondary blackbody,
which again, seems reasonable. There was very little difference in the minimum χ2
values between the two fitting techniques. The dense results did not vary signif-
icantly between the two either; it was the secondary temperature component and
the associated Ξ that varied between the two fittings, which was the purpose of
examining the open and closed parameter spaces.
2.4 Summary and motivation
Previous analysis discovered the ε Aurigae disk housed two temperatures: a
warm and hot side. These efforts grouped observations together in two compart-
ments for when the disk was facing away (night) and towards (day) the external
F-star. Instead, the present work uses single-day spectral energy distributions to
determine seven additional temperature epochs. These epochs span the observed
550± 50 K disk during the night disk phases. The long-period nature of the system
prohibits immediate construction of SEDs for the day portion of the disk, but con-
stant spectroscopic monitoring in the mid-infrared over the next 15 years will fill
that in. Congruently, the temporal resolution of the disk’s night temperature has
now increased, effectively, seven times. Additionally, the resolved disk temperatures
are found primarily below the well-established warm disk.
As normally occurs with new discoveries, fresh questions arise. Some might
include the following:
• Why is the disk colder than previously published? Can these temperature pro-
vide insight to the thermal properties of the disk?
• In what ways can the disk be heated to the 300, 550, and 1150 K temperatures?
• The SED-fitting remained distance independent, but is there a way to refine
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distance constraints with this newly updated thermal phase curve?
• Do the temperature constraints limit the composition possibilities of the disk?
These and other questions are addressed in subsequent chapters and require further




Observations provide the basis for model adaptations, in all astronomy fields. For
example, stellar atmosphere models (Castelli and Kurucz, 2004; Gustafsson et al.,
2008) require extensive observational stellar studies spanning the known spectral
index of stars. Robitaille et al. (2006) constructed a library of Young Stellar Object
spectral energy distributions for the sole purpose of comparing them to observa-
tions. The selection of the model parameters are guided by observation. Care is
required when selecting the best-fit parameters so as to remain physically viable for
a particular system and situation. Disk-eclipsing binary systems, such as ε Auri-
gae, are no different, but also provide unique challenges. These include, but are
not limited to the following: (i) restricted knowledge of the disk structure, due to
inclined orbital plane; (ii) limited knowledge of the disk composition, due to the lack
of observable spectroscopic features; (iii) minimal knowledge of the disk-enshrouded
star; and (iv) uncertain distance calculations. Each are present in ε Aurigae’s case,
requiring a thorough model investigation.
This chapter describes how the observations of ε Aurigae (as presented in Chap-
ter 2) fit with a multitude of modeling approaches. Section 3.1 moves through a
series of equations constructed for accretion disks and outlined by Armitage (2011,
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2013), which are specifically applied to the ε Aurigae disk (see also Pearson and
Stencel, 2012). Section 3.2 describes most of the contents Pearson and Stencel
(2015): outputs of Monte Carlo radiative transfer computer models of the system;
application of thermal inertia effects to ε Aurigae’s circumstellar disk; and consoli-
dations of the Monte Carlo radiative transfer and thermal inertia models. Finally,
§3.3 describes the process of computing the full orbit-rotation dependence of the
disk temperatures.
3.1 An analytic approach
Expanded from Pearson & Stencel (2012)
An analytical way to describe a general flaring, accretion circumstellar disk sys-
tem is found in Armitage (2011) and Williams and Cieza (2011). Though these
prescriptions assume the disk has formed with and from its host’s primordial mate-
rial, it provides a way to analytically build a generally-accepted disk structure. Of
course there are assumptions linked with every model. Here, it is assumed that the
ε Aurigae disk is in Keplerian motion and slightly accreting onto the central B-star.
These are reasonable first-order assumptions for any of the prescribed evolutionary
theories presented previously. Additionally, this analytic prescription is only used
for describing the circumstellar disk; it does not consider an external star in its
thermal identification. However, this analytical method is considered for ε Aurigae
for a couple of reasons, as outlined below:
• Does this method provide any constraints on the physcial parameters of ε Au-
rigae, such as distance, disk mass, disk accretion rate, or composition?
• Can this method describe one of the observed disk temperatures?
Though there are many assumptions used in this modeling case, the analytic ap-
proach allows for a first-look analysis of the system and investigates how the disk,
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essentially, “interacts” with its host. It also justifies and constrains some of the
available parameter space used in later modeling platforms.
If nothing more, this analytical exercise proves the need to model the ε Aurigae
system (and other disk-eclipsing binary systems) using all system components—
for the present example, ε Aurigae includes the F-star, B-star, and disk. This
method couples the dust to the gas in terms of location and temperature, i.e. the
temperature solutions are gas-based. The methods in §3.2 assume the opposite: the
dust temperatures are found and the gas is assumed to be in thermal equilibrium.
Either prescription is a simplification, but is necessary for simplistic modeling. This
section includes analysis centered on five possible distance estimates, three possible
mean molecular weights (of the disk), and a 105 distribution range of disk-to-B-star
accretion rates.
3.1.1 Methodology
The analytic description uses a system of equations shown in Table 3.1, which
were extracted from Armitage (2013). This method explores heat transport within
the disk using the Shakura-Sunyaev α parameter (Shakura and Sunyaev, 1973). By
applying these to the ε Aurigae disk, a disk-edge temperature can be extracted.
More specifically, the evaluated Tdisk is described as the “effective disk tempera-
ture,” found at the surface (or photosphere, if-you-will) of the disk. It is this “ef-
fective” temperature that is used to compare with the observationally derived disk
temperatures. If the central star mass (MB?), disk accretion rate (Ṁ), and disk
radius (rdisk) are known or assumed, then a self-consistent solution to the series of
equations depends only on the mass absorption coefficient (κ), the mean molecular
weight (µ), and the viscosity parameter (α). Therefore, by defining those six terms,
the disk mass (Mdisk), Tdisk, and mid-plane temperature (Tc) are uniquely decided.
Sets of distance-dependent “known” parameters (as in Table 3.2) are found for a few
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distance estimates. The combination of the distance and the angular values found
in Table 1.2 present unique parameters for each specified distance. Specifically, six
distances between 529 and 1058 pc (corresponding to stellar mass ratios of q = 0.25
and q = 1.5, respectively, where q = MF?/MB?), provide particular values for the
central B-star’s mass, radius, and rdisk.
The parameter space is broad, as this method seems to dictate. Accretion rate
limits, for example, are obtained from Pequette et al. (2011) who conclude that
disk accretion (from the inner disk onto the central B-star) is a possible way to
reproduce the far-UV excess in ε Aurigae’s spectral energy distribution. However, a
mass loss rate of 1.5× 10−5 M yr−1 was required in that study, which is extremely
high for even a T Tauri type of circumstellar disk (∼ 10−7 M yr−1, as in Bertout
et al., 1988; Hartmann and Kenyon, 1990; Hartmann et al., 1998). Thus, the present
analysis includes an examination of accretion rates from 1.5 × 10−10 to 1.5 × 10−5
M yr
−1.
The disk mass aids in setting limits on densities and opacities. The “photo-
sphere” Tdisk and the mid-plane temperatures can be used to compare with the
observed temperatures. These two temperatures provide an estimate to how the
temperature is defined vertically in the disk at a certain radius. The disk’s Tc is most
important for determining the particular presence of minerals in the mid-plane—
where the planet formation occurs. Both temperatures are used for interpreting
results.
The opacity temperature dependence is selected from Lin and Papaloizou (1985),
who uses opacity tables from Pollack et al. (1985) to articulate a three-step opacity-
law fit at various Tc. Each definition of κ takes the form of κ = κ0T
n
























































































































































































































































































































Table 3.2: Adopted distance-dependent parameters used in the analytic calculations
of the ε Aurigae disk
Parameter
Distance (pc)
529 635 740 846 952 1058
MB? (M) 3.924 5.650 7.690 10.045 12.713 15.695
RB? (R) 3.453 3.402 3.884 4.657 5.669 6.915
rdisk (AU) 4.140 4.968 5.796 6.624 7.452 8.280
Ω (10−8 s−1) 4.68 4.27 3.96 3.70 3.49 3.31
P (yr) 4.26 4.66 5.04 5.38 5.71 6.02
the piecewise function below:
κ =

2× 10−4 T 2c , Tc < 170 K
2× 1016 T−7c , 170 < Tc < 210 K
5× 10−3 Tc, 210 < Tc < 2000 K
(3.1)
The first opacity term relies heavily on ices at the mid-plane, with the third opacity
term accounting for silicates. To simplify the analytic solution, the latter range of
Tc values between 210 and 2000 K is adopted, as no direct evidence of temperatures
colder than 300 K has been observed; in fact, even disk models present disk-edge
temperatures > 200 K (Takeuti, 1986; Muthumariappan and Parthasarathy, 2012).
Additionally, the mean molecular weight is given as µ ≡ 〈m〉m−1H , where 〈m〉 is
the average mass per particle and mH is the mass of a hydrogen atom. This can
be related to compositional mass fractions using the typical notation: X, Y , and
Z, where X is the hydrogen mass fraction, Y is the helium fraction, and Z is the
metallicity (or anything not hydrogen or helium) and X+Y +Z = 1. Therefore, µ
can be written in terms of these mass fractions, which is dependent on the ionization
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If mi = AimH (where Ai is the particle’s atomic weight) and the mass of the electron





Further simplifications come when one applies a neutral gas estimation (ne = 0)
or an ionized gas state (ne = ΣiniZi, where Zi is the atomic number of the ith
particle). The correlation between µ and the mass fractions explained above comes





Therefore, the mean molecular weight of a neutral gas is given as
µ =
[
X + Y/4 + Z/Ām
]−1
, (3.5)
where Ām is the mean atomic weight of the metals (for solar composition, this term
is ∼ 15). When the gas is ionized, the (1 + Zi)A−1i term can be approximated as
∼ 1/2. This gives
µ = [2X + 3Y/4 + Z/2]−1 . (3.6)
This parameter explores three general compositions of the disk: µ = 1 denotes a disk
made completely of hydrogen; µ = 2.3 explores a disk of molecular, ISM-like com-
position; and lastly, a middle ground of µ = 1.5, which is a neutral gas with slightly
more metallicity than typical solar composition, i.e. (X,Y, Z) = (0.6, 0.28, 0.12).
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Previous studies of the Shakura-Sunyaev viscosity parameter (α) have been con-
ducted in an attempt to constrain its open-ended value, though none directly related
to a binary-disk system like ε Aurigae. Nevertheless, Hartmann et al. (1998) de-
termined an α = 0.01 for T Tauri disks for radii of ∼ 10 − 100 AU. Though the ε
Aurigae disk most likely not a T Tauri disk, its radius is ∼ 5 − 8 AU. This study
found that a decrease in α by an order of magnitude required their disk model radius
to increase by a factor of 10.
A separate study by Mukhopadhyay (2008) explored “cold” accretion disk sys-
tems (< 5000 K) through hydrodynamic turbulence. The turbulence in “cold”
disk cannot be magnetohydrodynamical and thus, must be computed from a purely
hydrodynamical regime by introducing first- and second-order perturbations in a
Keplerian disk. Again, this is not nearly a perfect match with present system, but
still useful in making an educated assumption for the value of α. Mukhopadhyay
(2008) found a range for the viscosity parameter (0.1 & α & 10−4) and determined
that the α parameter was scale height dependent: as the scale height increased, α
decreases. There is also a slight dependence on the amount of second-order pertur-
bations, as shown in Figure 3.1. When the ε→ 1, the perturbations are first-order
dominated. As ε→ 0, these second-order perturbations dominate the hydrodynamic
model. The important regime is the approximately linear regime where both per-
turbations are relatively balanced. Combined with the h(r)/r dependence, a refined
limit to α can be determined. The h(r)/r value for ε Aurigae is < 0.05, based on
the angular measurements of the system (see Table 1.2). If the half-thickness of the
disk is only 1 or 2 scale heights, then the region is ∼ 0.025 ≤ h(r)/r ≤ 0.05; Figure
3.1 shows shaded regions between 0.01 and 0.05. The overlap of the two shaded
regions points to α ≈ 0.01. Acknowledging the limitations of this α analysis, a value
of 0.01 is adopted for the viscosity parameter throughout the analytic calculations.
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Figure 3.1: An adaptation of Mukhopadhyay (2008)’s Figure 1(b), showing the
dependency of the α viscosity parameter on scale-height and the amount of second-
order perturbations in the hydrodynamic modeling (ε). These hydrodynamic models
use only turbulent perturbation parameters to analyze the stress and viscosity on
“cold” disk systems (< 5000 K). The maximum and minimum ε (0 and 1, respec-
tively) point to unstable regions. However, the thicker disk (larger scale-height)
allows for stabilizing perturbations and a lower α. The ε Aurigae disk—though
probably considered an extremely cold disk in this prescription—exhibits a half-
thickness-disk radius ratio of approximately 0.05. If the disk’s half-thickness is 1-2
scale-heights, then the α curve most likely resembles the h(r)/r = 0.05 shown here,
giving an α ≈ 0.01 for the ε Aurigae disk.
77
3.1.2 Calculations
Using the adopted distance-dependent parameters in Table 3.2, the ranges of
values stated at the end of the previous section, and the observed disk temperatures
described in Chapter 2, the series of equations found in Table 3.1 are solvable. The
particular outputs of interest include Tdisk, Tc, Mdisk, the interior radius (rin) based
on a general 1600 K basis, and the number density at the disk edge (n). A few steps
are required to complete the calculations, as follows:
(1.) Select specific observed disk temperatures to evaluate in the calculations;
(2.) Complete calculations for each distance over the range of µ values to identify a
best-fitting Ṁ to obtain one of the selected disk temperatures in step (1); and
(3.) Extract remaining parameters of the given {d : µ : Ṁ} set.
The solution parameter sets for each distance-µ combination are presently deter-
mined and discussed.
The array of observed disk temperatures used for the analytic calculations are
300, 550, and 1150 K. The SED-fitting completed in the previous chapter resulted in
a minimum disk temperature of 300 K, which is consistent with previously published
minimum-disk temperatures found in Muthumariappan and Parthasarathy (2012).
The two other SED-derived temperatures come from Hoard et al. (2010) and Hoard
et al. (2012). This present analysis is looking to constrain any of the physical
parameters of ε Aurigae, specifically by using the observed disk temperatures as
comparison points with the output disk temperatures.
In order to complete the disk temperature comparison, an average disk-edge
temperature is calculated using linear and parabolic extrapolations of Tdisk to Tc.
The Tdisk is assumed to be at the top and bottom of the disk at a distance z ∼ h
and z ∼ −h. Note that this is an acceptable approximation because the disk is very
opaque and the view of ε Aurigae’s disk is edge-on, prohibiting a direct view of the
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top “atmosphere” of the disk—a thin extrusion of the atmosphere above and below
the dense part of the disk may be observable, but it is dismissed for the present
analytic description. This, therefore, provides an estimate of the distribution of
temperatures along the disk’s edge, at r = rdisk. The linear extrapolation led
to a cooler bias in the average temperature, i.e. accounting more for the disk
regions towards ±h. The cooler temperature, therefore, requires additional accretion
to provide high enough temperatures to match the observed. Additionally, the
parabolic assumption more closely resembles the density construction of disk models
in Monte Carlo radiative transfer modelling (see equation 3.18). Hence, the simple
parabolic extrapolation is used, which weights the temperature average towards the
more dense, mid-plane region of the disk.
With a way to compare the output temperatures (via Tavg) to the observed,
a range of accretion rates are tested for the given set of µ-values for each defined
distance, as shown for d = 740 pc in Figure 3.2. An optimum Ṁ is calculated from a
simple power-law fit of the Tavg : Ṁ plot for each observed disk temperature selected
above (300, 550, and 1150 K). The Ṁ results for Tobs = 300 K are found in Table
3.3, Tobs = 550 K in Table 3.4, and the 1150 K Ṁ results in Table 3.5.
Once the Ṁ is identified for a particular µ and distance (and with all other
previously discussed parameters known or assumed), specific solutions are calculated
for those set of parameters. For instance, if one would like to find the solutions for
the 550 K disk temperature, one would first select a distance and molecular weight;
let us choose d = 740 pc and µ = 2.3. Table 3.4 then provides Ṁ = 2.5 × 10−7
M yr
−1. Using the parameters from Table 3.2, the equation set (Table 3.1) can be
solved in the following order:
1. surface density (Equation #11),
2. viscosity (#1) and opacity (#7),
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Figure 3.2: Disk temperature averages found by solving the analytical method for
a given mean molecular weight (µ) and disk accretion rate. This plot assumes a
distance of d = 740 pc. Specific accretion rates are selected for each µ, depending
on the desired disk temperature output. That particular accretion rate is then used
to solve the remainder of the analytic solution. As is expected, a higher accretion
rate (more accretional heating) is required for a higher disk-edge temperature.
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Table 3.3: Solutions for Ṁ × 10−8, assuming Tobs = 300 K
µ 529 pc 635 pc 740 pc 846 pc 952 pc 1058 pc µ Averages
1 6.9 7.8 8.8 9.7 11 11 9.2± 1.7
1.5 5.7 6.5 7.3 8.1 8.8 9.6 7.7± 1.4
2.3 4.7 5.3 6.0 6.6 7.2 7.9 6.3± 1.2
d Averages 5.8± 1.1 6.6± 1.2 7.3± 1.4 8.1± 1.5 8.9± 1.7 9.6± 1.8 7.7± 1.8
Table 3.4: Solutions for Ṁ × 10−7, assuming Tobs = 550 K
µ 529 pc 635 pc 740 pc 846 pc 952 pc 1058 pc µ Averages
1 2.9 3.3 3.7 4.1 4.5 4.8 3.9± 0.7
1.5 2.4 2.7 3.0 3.4 3.7 4.0 3.2± 0.6
2.3 1.9 2.2 2.5 2.8 3.0 3.3 2.6± 0.5
d Averages 2.4± 0.4 2.7± 0.4 3.1± 0.5 3.4± 0.5 3.7± 0.6 4.0± 0.6 3.2± 0.8
Table 3.5: Solutions for Ṁ × 10−7, assuming Tobs = 1150 K
µ 529 pc 635 pc 740 pc 846 pc 952 pc 1058 pc µ Averages
1 13 15 17 19 21 22 18± 3
1.5 11 12 14 15 17 18 14± 2
2.3 8.9 10 11 13 14 15 12± 2
d Averages 11± 2 12± 2 14± 2 16± 2 17± 3 18± 3 15± 4
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3. effective disk temperature, Tdisk (#10),
4. mid-plane temperature, Tc (#6),
5. sound speed (#2),
6. scale height (#5), and
7. density (#4).
The output values determined for each {d : µ : Ṁ} set are found in Tables 3.6-3.8.
Note that the h, n, Tdisk and Tc shown are for the disk edge only.
The disk mass, Mdisk, is estimated using an integrated sum of concentric rings







where mi is the mass of a single concentric ring at a position i > 1 and Σ is the
surface density of a given ring. The mass of the disk, then, is just Mdisk =
∑
imi, or
the sum of all the ring masses. However, an initial assumption of these calculations
extends the disk down to r = 0 AU, or the center of the central star. Therefore, the
inner radius of the disk should at least be rin = RB?. However, an examination of
the interior temperatures of the disk shows temperatures exceeding 1600 K, or the
average sublimation temperature of silicate and carbon dust grains (see §3.2.1 for
a full discussion of this selection). The analytical temperature solutions completed
here solve for the gas temperatures—the dust in the disk is assumed to follow the
gas temperatures (with typical remnants of protostellar disks having a gas-to-dust
mass ratio of 100:1, discussed more in §3.2.1). Therefore, if the constraint is made
that the gas is coupled with the presence of the dust, and the dust is only present in
regions ≤ 1600 K, then one can assume the interior disk is truncated at Tc ∼ 1600



































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































radius is removed from the mass estimation. This is the disk mass value shown in the
parameter solutions table. It is noted, however, that this inner portion of the disk
may be required to include in the calculations, simply because the set of equations
explores the gas disk, not the dusty disk. Doing so raises the effective disk mass well
beyond the constraints. Therefore, it is reasonable to invoke a central void around
the B-star (which may present from radiative pressure, too). Nevertheless, the
exclusion of the central disk in the mass calculation is necessary to match observed
mass limitations.
3.1.3 Discussion
The purpose of performing this analytic analysis is two-fold: attempt to ex-
plain the observed disk temperatures and search for system parameter constraints.
Discussion of both aspects are included here.
Let us first begin by discussing the absence of a predicted disk mass in Table 3.8.
The previously described mass calculation involved identifying rin with a calculated
mid-plane temperature of 1600 K. As can be seen in the results of Table 3.8, the mid-
plane disk-edge temperatures are & 1600 K, indicating the entire mid-plane of the
disk is > 1600 K. This, obviously, creates a problem for the disk-mass calculation.
Furthermore, it creates an issue in describing the physical nature of the disk if one
has assumed the gas and dust are coupled. The assumed sublimation temperature
of the disk (∼ 1600 K) effectively eliminates the presence of dust in the disk. Even
increasing the assumed sublimation temperature to a carbon-based value of ∼ 1800
K still pushes the interior radius of the disk close to its edge, so that rin ∼ rdisk, as
in Figure 3.3. Though this figure examines a single distance, the other five distances
exhibit a similar pattern.
Therefore, one can reject the idea that the disk’s 1150 K temperature is not
produced solely by accretional, viscous disk-heating. In other words, if the observed
86
Figure 3.3: Mid-plane disk temperatures for the outer region of the d = 1058 pc
disk, found by solving the analytical method for a disk-edge temperature of 1150
K. All three molecular weights are close enough in Tc temperature that one curve
sufficiently illustrates them. The disk edge is labelled (rdisk) as well as two general
sublimation points for dusty particles: carbon (∼ 1800 K) and the assumed average
(∼ 1600 K). Typical silicate sublimation temperatures are about 1300 K. This shows
that if the interior of the disk is truncated with the dust’s sublimation, the carbon
and silicate sublimation temperatures would force the disk to be either a < 1 AU-
thick ring or non-existent all together.
1150 K temperature is to be solely derived from accretional heating, the results show
the central mid-plane temperature must be > 1600 K in order for the Tavg to reach
the observed. This is consistent with the analysis completed by Hoard et al. (2012)
in determining that heating from the external F-star is responsible for the increased
heating. This also provides an upper limit on the accretion rate: Ṁ . 10−6 M
yr−1; past this limit, the disk becomes too hot to sustain the highly opaque dust
particles in the system—unless, of course, the disk is made up of only hot gas,
which, if hydrogen, become opaque plasma with temperatures exceeding 3000 K
(Semenov et al., 2003; Armitage, 2013). For the 1150 K temperature-match, almost
the whole disk could be considered a plasma disk. Of course, having an opaque
plasma disk would create problems in producing the other two—cooler—observed
disk temperatures. Therefore, this concept is dismissed from further discussion.
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Next, let us consider the average Ṁ for the observed 300 and 550 K temperature
models: Ṁ ∼ 0.8 and 3×10−7 M yr−1. Though a variety of molecular weights and
distances are evaluated, the general averages are within a factor of four and give a
reasonable estimate to the accretion rate of ε Aurigae. Note that the 550 K accretion
rate is equivalent to the preferred values offered by Pequette et al. (2011), but 100
times smaller than their proposed ∼ 10−5 M yr−1 which is needed to compensate
for the excess far-ultraviolet region of ε Aurigae’s spectrum. This exercise does
defend—though perhaps still too high for a moderately-evolved disk—the usage of
Ṁ ∼ 10−7M yr−1 in further models and analysis.
The observed half-thickness-to-disk radius ratio (T1/2/rdisk) is 0.047 ± 0.009 in
the H-band (λ = 1.50 − 1.74µm), using angular measurements of the disk and its
thickness from Klo (found in Table 1.2). Lissauer et al. (1996) displays plots of
theoretical z/rdisk, which are equivalent to N h/rdisk, where N is a number of scale
heights within a distance z (not necessarily an integer scalar); the figures shown in
Lissauer et al. (1996) show a half-disk thickness of z/rdisk ∼ 0.13, which is more
than twice as large as the angular measurement ratios. After considering opacity
and particle size, Lissauer et al. (1996) conclude the ε Aurigae disk should have
h/rdisk ∼ 3%, making N ∼ 4 in their models. If the models calculated above assume
that the disk half-thickness is equivalent to its scale height—due to high opacity and
edge-on effects—the low-temperature models (300 K) give 0.028 ≤ h/rdisk ≤ 0.060.
The 550 K solutions produce half-disk thickness ratios ranging from 0.042− 0.084.
When compared with the angular measurement (0.038 ≤ h/rdisk ≤ 0.056), only
some of the models fit with that description. Using the form of {Tavg : d : µ},
and allowing for the given error, these include the following: {300 : 529 : 1.5} and
{300 : 529 : 2.3}; {300 : 635 : 1} and {300 : 635 : 1.5}; {300 : 740 : 1} and
{300 : 740 : 1.5}; {300 : 846 : 1} and {300 : 846 : 1.5}; and finally, {300 : 952 : 1}.
The 550 K solutions that fit this constraint are the following: {550 : 635 : 1};
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{550 : 740 : 1}; {550 : 846 : 1}; {550 : 952 : 1} and {550 : 952 : 1.5}; and finally,
{550 : 1058 : 1} and {550 : 1058 : 1.5}. Notice two items of interest. First, the
majority of the mean molecular weights are 1 or 1.5, leaning more towards the
hydrogen-dominated composition. Second, the large distances are left off of the 300
K solutions and the smaller distances are not included with the 550 K solutions.
This shows that in the 300 K solutions, the larger distances provide too small of a
half-disk thickness ratio; the opposite is true for the 550 K: the smaller distances
give ratios that are too big. Remember that this assumes h/rdisk ≡ z/rdisk.
However, if Lissauer et al. (1996)’s description is assumed so that z ≡ N h and
h/rdisk ∼ 0.03—i.e, h 6= T1/2—then only some of the 300 K models fit. None of
the other temperature fittings have ratios ≤ 0.04. In particular, the 300 K models
include (along with rounding): {300 : 740 : 2.3}; {300 : 846 : 2.3}; {300 : 952 : 2.3};
and lastly, {300 : 1058 : 2.3}. Note the mean molecular weight in all four of
these models—the larger µ keeps the disk more contained near the mid-plane. The
Lissauer et al. (1996) prescription, though, allows the angular half-thickness ratio of
0.047± 0.009 to remain just that: a measure of its thickness. Therefore, the above
list of four models gives 1.3 ≤ N ≤ 1.7.
The gas density estimations at the disk-edge are about 10 times higher in the 550
K calculations than measurements from CO lines (Hinkle and Simon, 1987; Stencel
et al., 2015) and Balmer lines (Ferluga and Hack, 1985): ∼ 1×1012 cm−3. The 300 K
calculations are on the same order, but still 7-9 times larger. The n equation shows
that n ∝ Σ and ∝ (µh)−1. The model solutions, therefore, may be overestimating Σ
and underestimating h because of the derived average temperature solution. Sadly,
this simplified analysis does not permit a more extensive estimate of the disk-edge
temperature and no further clarification or discussion can be interpreted from the
number densities. However, it is noted that the surface disk temperature is only
∼ 100−170 K in both the 300 and 550 K model fittings. These cooler temperatures
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away from the mid-plane would allow for particle condensation to begin between
the mid-plane and disk surface (Armitage, 2011). The mid-plane temperatures
could be reduced with a more physical disk model as described in Dullemond et al.
(2007), where the inner disk enlarges (via the scale height’s dependence on Tc) and
becomes a “shield” for the rest of the interior mid-plane disk from the central stellar
radiation. This would allow for cooler, mid-plane temperatures and an overall cooler
edge description. Nevertheless, this analysis is not performed at the present.
The final parameter to discuss is the disk mass. Backman et al. (1984) used
opacity estimates to state the gas and dust mass of the disk must be at least ∼
10−7M in order to provide the opacity required at long wavelengths. Hinkle and
Simon (1987) predicted the gas mass through CO absorption to be ∼ 10−6M.
Additionally, Kloppenborg et al. (2010) estimated a dusty disk mass of ∼ 0.07M⊕ =
2.22 × 10−7M. Stencel (2012) predict an upper disk mass limit of ≤ 6MX =
5.7 × 10−3M from far-IR/submillimeter fluxes. The present work predicts disk
masses from ∼ 0.9−6 MX for the 300 K solutions, and 1.5−10.5 MX for the 550 K
solutions. The latter exceeds the published upper limit for the two largest distances,
952 and 1058 pc.
The use of multiple temperature solutions permitted an investigation as to the
likelihood of the yielding the observed temperatures. The effect of the binary stars in
the ε Aurigae system has been discussed in previous section—it creates asymmetric
heating on the disk’s outer azimuth. The purpose of the analysis conducted here is
not to show the 1150 K temperature is due external factors and not solely internal,
accretional heating from the disk onto the B-star. Rather, the point of this exercise
is to explain the 300 and 550 K temperatures and find constraints on the system’s
parameters along the way.
Following this logic, it seems likely that the—currently—minimum observed disk
temperature of 300 ± 50 K could be produced by accretional heating from the in-
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terior of the disk and that this may truly be the basal temperature of the disk.
It follows that the portion of the disk with the mid-temperature (550 K)—though
it could be derived from accretional heating—may have a significant contribution
from the external F-star’s radiation. In other words, if the disk has a minimum
temperature of 300 ± 50 K, it would make sense for the (assumed) constant and
azimuthally distributed accretional heating to provide the basal temperature. The
550 K temperature is more like a time-averaged calculation for the disk temperature
and has been observed for almost three decades (Backman et al., 1984; Hoard et al.,
2010).
3.1.4 Summary
Therefore, combining this with previously discussed conditions of disk mass and
scale height, small constraints and simple conclusions may be placed upon the ε
Aurigae system. First, it seems likely that the system is closer than 952 pc due to
the disk mass estimates. Second, if T1/2 ' h and Mdisk ≤ 5.7 × 10−3M, then 9
of the 300 K models and 4 of the 550 K models satisfy those constraints (see the
two prior lists for specifics), leaving off the higher distances. If T1/2 ' N h and
h/rdisk ∼ 0.03, then only three of the 300 K models suffice. These then set up a few
constraints and conclusions, summarized below.
(1.) Using the analytic formalism, the observed 300± 50 K is most likely the basal
temperature of the disk, dependent on the intrinsic properties of the disk and
central star interaction.
(2.) The observed 550 and 1150 ± 50 K portions of the disk likely affected by the
external F-star radiation.
(3.) The disk accretion onto the central B-star is at a rate of ∼ 10−7 M yr−1.
(4.) A larger disk mass (1MX < Mdisk < 6MX) is preferred in this scheme.
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(5.) A system distance of ≤ 952 pc is suggested.
(6.) The most constrained models range from 740 to 952 pc with 0.030 ≤ h/rdisk ≤
0.034 and 2.7MX ≤Mdisk ≤ 4.7MX.
Improvements to this specific type of analysis can be accomplished with further
angular and temperature observational constraints. Additional modeling concepts—
beyond the analytical—are presented in the next couple of sections.
3.2 Monte Carlo radiative transfer & Thermal inertia-
dependent disk solutions
Expanded from Pearson & Stencel (2015)
It was not until the most recent eclipse of ε Aurigae (2009-2011) that interfero-
metric imaging showcased a disk transiting the primary F-star (Kloppenborg et al.,
2010; Stencel, 2012). This, along with the progress of computational modeling in
recent years, has opened up a new regime of study on this system: the opaque
disk surrounding the B-star. The confirmation of the disk eclipse allows for a full
physical description of the system through Monte Carlo radiative transfer (MCRT)
modelling.
Monte Carlo radiative transfer (MCRT) codes, such as RADMC-3D (Dullemond
and Dominik, 2004), Hyperion (Robitaille, 2011), and many others, allow the user
to “build” astrophysical systems in digital space. The power of the MCRT code is
in its ability to navigate a high-opacity environment. As prescribed by the user,
the digital system is placed inside a three-dimensional (3D) grid. Each grid section
has a unique density, opacity, and associated mass. The MCRT code essentially
follows a packet of photons released from a radiation source (e.g. star or heated
dust) and tracks the absorption and scattering events the packet experiences as it
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Figure 3.4: A top-down configuration of the ε Aurigae disk. The F-star is assumed
to be to the right of the disk. Four disk positions—all relative to the direct, F-
star facing point—are shown in the figure: noon, dusk, midnight, and dawn. A
dotted line separates the disk into its day and night sides. The part of the disk
used to calculate the temperatures at noon and midnight along the disk edge are
represented by the shaded regions along the outer edge of the disk—the width of the
region varies according to the relative angle between the observer and the normal
of that point on the disk. The dawn and dusk dashed lines fall at about ±78◦ from
noon (based on the separation between the disk and the F-star), but are assumed
to be ±90◦ in the presented models; the assumption here is that the small chord
created from 78− 90◦ is sufficiently small and, therefore, the disk temperatures are
not significantly different. Note that the angle shown here is λ′ = λ−90◦; subsequent
chapters use the λ prescription where noon is at 0◦.
moves through the digitized system; see Wood et al. (2013) for further details of how
a MCRT operates. The outputs from these types of models include spectral energy
distributions (SEDs), dust temperature gradients, polarization maps, and synthetic
images.
For the analysis described in the present section, the dust temperature gradient
is the primary output. A new approach to constrain the nature of the dust in the
disk is presented using the model output temperatures in coordination with the ob-
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served temperatures, by analyzing thermal heating and cooling of the disk (known
as the MCRT-TI models, §3.2.4). Application of this analysis uses observations







. The disk positions use the external F-star as the reference point, as
in Figure 3.4. Hence, noon is the point on the disk facing towards the F-star and
midnight faces directly away. The dawn and dusk sides of the disk refer to the “ris-
ing” and “setting” of the F-star, relative to the disk. The latter temperature comes
from Hoard et al. (2012), where a collection of near anti-eclipse phase observations
provided 1150 ± 50 K across the day side of the disk. Two night temperatures are
examined in the subsequent model creation: 300± 50 K (the newly discovered tem-
perature found in Chapter 2) and 550 ± 50 K (from Hoard et al., 2010). Effort is
spent analyzing both temperatures in order to establish the significance of temporal
resolution in thermal phase curves.
The multi-temperature disk implies a time-dependent disk-edge temperature and
is related directly to the heating and cooling rate of the disk. These temperatures
are used to constrain fits to model parameters with both the MCRT and thermal
(MCRT-TI) analysis to expand on previous publications by combining MCRT results
with a thermal inertia-dependent disk. Doing so helps to answer the following
questions, posed at the end of Chapter 2:
(1.) Can the cooler disk temperature be explained?
(2.) How can the disk be heated to 300, 550, and 1150 K?
(3.) Can this method provide distance constraints on ε Aurigae?
(4.) Does this method provide other constraints on the disk, in terms of composition
or particle size?
To examine these questions, the selected model parameter space is reviewed in §3.2.1,
the methodology is described in §3.2.2-3.2.4, and discussion is included in §3.2.5.
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3.2.1 System parameters
The known parameters in the ε Aurigae system are quite limited, mostly due to
the large uncertainty involved in the distance calculation; this creates a number of
semi-constrained system parameters. Section 3.1 explains a few of these parameters
in the context of the analytical solution. Here, the selection of parameters used in
numerical modelling—chosen to be representative of ε Aurigae’s broad parameter
space—are discussed. The values assumed for the subsequent models are shown in
Table 3.9; they are divided between those dependent on the mass ratio (q, Equation
3.8) or distance (d, Equation 3.9) and those that are not. The current section
discusses each parameter in detail, focusing on the reasoning behind the assumed
values.
Distance dependence
Kloppenborg (2012) and Kloppenborg et al. (2015) use Bayesian statistical meth-
ods incorporating interferometric data and optical light-curves to determine angular
distributions of the components of the ε Aurigae system, including the F-star diame-
ter, disk radius, disk thickness, inclination, and others; these are found in Table 1.2.
However, for MCRT models, linear values must replace the angular distributions.
The selection of the mass ratio, combined with constraints from observations, per-
mits solutions for the remainder of the physical aspects of the system, the foremost
being the distance, d(q). Therefore, the choice of q pre-selects a specific set of sizes
and separations in the system.
This is done by, first, selecting a mass ratio value, q, defined as
q = MF?/MB?. (3.8)
Then, orbital parameters determined from well-prescribed binary star physics and
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Scale height ratioii h0/rdisk 0.03
Accretion rateiii Ṁ 1× 10−7 M/yr
Particle size range amin|amax 0.001|1, 1|10, 10|100 µm
Gas-to-dust ratio Mgas/Mdust 100
Disk mass Mdisk 1M⊕, 1MX
Disk flaring exponent β 1.15
Surface density exponent p −1










q = 0.75 q = 1.25
Distance d 740 952 pc
F-star mass MF? 5.77 15.89 M
F-star radius RF? 176.8 227.4 R
B-star mass MB? 7.69 12.71 M
B-star radius RB? 3.88 4.66 R
B-star temperature TB? 19478 25806 K
Disk outer radius rdisk 5.80 7.45 AU
Disk inner radius rin 1.34 3.43 AU
Disk thickness Tdisk 0.55 0.71 AU
Stellar separation aTotal 21.47 27.60 AU
i See Table 1.2 for the angular distributions.
ii From Lissauer et al. (1996).
iii See §3.1.
iv As found by Hoard et al. (2010).
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observations from Stefanik et al. (2010) are used to complete the angular-to-linear
conversion. The distance is determined by
d(q) = (q + 1)(a1 sin i)/ (sin i tanαT ) , (3.9)
where the a1 sin i measurement is determined in Stefanik et al. (2010) and the an-
gular, total orbital semi-major axis is αT (Kloppenborg et al., 2010).
As described in §1.3.1 and §3.1, distance estimates range from Hipparcos’ stellar
parallax measurement of 650 pc (Perryman et al., 1997; van Leeuwen, 2007) to <
1.2 kpc (based on interstellar absorption and reddening Guinan et al., 2012). The
results of §3.1 lead to an upper limit of . 952 pc. The modified range of published
distances, leads to a selection of two q’s that are representative of the distance
range—namely q = 0.75 and q = 1.25—which gives d(0.75) = 740 pc and d(1.25) =
952 pc. These two are selected as representative values of the more probable solutions
within the published distance range.
Some of the q-dependent parameters (listed in Table 3.9) include the stellar
masses and radii, the disk radii and thickness, and the total orbital semi-major axis.






This is derived from Kepler’s third law of planetary motion, where P 2 ∝ a3 (and P
is the orbital period and a is the semi-major axis). More specifically, the square of










where G is the gravitational constant and M is the total stellar mass, M = M1+M2.
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If the projected maximum radial velocity is defined as V1 = v1 sin i, then it may
also be written as V1 = a1 Ω sin i. The total mass may also be re-written as M =
M1(1 + q), given Equation 3.8. Likewise, if the binarity permits the center of mass
assumption such that M1a1 = M2a2; then a
3 = (a1 +a2)
3 ⇒ a31(1 + q)3. P can then
































where f(M) ≡ P V
3
1
2πG . Stefanik et al. (2010) derived a mass function of fM = 2.51±
0.12M and a system inclination, i ∼ 89± 1◦.
Therefore, if MB? = M1, then
MB? = fM(1 + q)
2/ sin3 i. (3.16)
The primary mass then follows:
MF? = qMB?. (3.17)
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The remaining three parameters use a simple trigonometry calculation of r =
d tan θr, where θr is the angular measurement (from interferometry and optical
observations) associated with a particular linear value r. The small-angle approxi-
mation is also appropriate in this setting.
Disk mass
The size of the circumstellar disk is set by the chosen q’s and subsequent dis-
tances. The disk mass follows these given assumptions: (i) the disk density structure
assumes a disk viscosity and non-gravitation effects from a stable disk, e.g. a not-
too-massive disk; and (ii) the density scaling factor provides a slight constraint on
the disk mass simply by how it distributes the mass (see equation 3.18 for refer-
ence). The disk’s density is described by the flared, alpha-disk structure (Shakura
and Sunyaev, 1973; Pringle, 1981; Bjorkman, 1997):



















where r and z are the cylindrical radius and height, respectively; ρ0 is a scaling
factor dependent on disk mass and the disk’s volume; r0 is a reference radius for
the scale height, h(r) = h0(r/r0)
β; β is the flaring factor; and α, the viscosity fac-
tor, defined as β − p, where p is the surface density exponent (Cotera et al., 2001;
Pascucci et al., 2004; Dullemond et al., 2007). Table 3.9 includes the values used
in the present work. The alpha-disk prescription allows one to build the density
structure of a disk, assuming hydrostatic equilibrium. The equilibrium requirement
balances the perpendicular-to-the-mid-plane component of the central star’s gravi-
tational force with the gas pressure (p): dp/p = Ω2 c−2s z dz, where Ω is the Keplerian
velocity of the disk, cs is the sound speed, and z is a specified height of the disk,
as above (Alecian, 2013). Kenyon and Hartmann (1987) derive the scale height
description given above and Equation 5 in Table 3.1 (h = csΩ
−1), showing that the
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relative thickness of the disk will increase outward in the disk. The overall density
prescription is needed to distribute the input disk mass in a “physical” manner.
Concerning the second item (ii) above, it is of importance to think about how
the mass is distributed in the disk via Equation 3.18. If a particular model disk has
a high mass content, more mass will distribute into the flare of the disk than if the
same sized disk consisted of a lower mass, where most of the mass would remain
near the disk mid-plane and closer to the inner portion of the disk. This would have
an effect on the observed thickness (T ) and apparent disk radius, rdisk. The mass
of the disk plays an important role how the MCRT photons distribute themselves
through the disk, i.e. via opacity determinations. Therefore, a soft constraint on
the disk mass results from finding a balance of its mass, Mdisk, density structure,
ρ(r, z), and size, which is done in the radiative transfer modeling.
Attempts at constraining the disk mass are found in the literature. Hinkle and
Simon (1987) and Stencel et al. (2011) estimate HI gas densities using CO column
densities and report nH ∼ 1024 cm−2; but Stencel et al. (2015) report recent nH
column densities about 2 − 4 times less. Based on nH, the disk’s gas-to-dust ratio
(§3.2.1), and the associated d (and hence, rdisk), the disk mass is constrained between
. M⊕ and ∼ 0.1MX. Stencel (2012) uses the far IR/sub-mm fluxes to estimate a
disk mass ≤ 6MX, which would make the disk dynamically significant in the system,
so this is a high upper-limit. The analytic models in §3.1 prefer the more massive
disk; indeed, if the disk is heated by accretional heating, the disk must be more
massive than the CO column density observations. Therefore, in order to satisfy




The lack of spectral features in the infrared (IR) region—including the well-
known silicate feature at 10µm, hydrocarbon (or PAH) signatures, and carbon dust
features–point to a few compositional possibilities for the ε Aurigae disk:
(1.) it does not contain any of these materials;
(2.) the composition inherently displays smooth opacity curves through the infrared
region;
(3.) the disk configuration prohibits observable emission or absorptive features;
and/or
(4.) these materials are found in larger particles (that smooth out the identifiable
features in the opacities).
Specifically, choice (1) is difficult to physically explain; in other words, why would the
disk not have one of these compositions? The simple analytic solutions in §3.1 point
to models with µ ≥ 1.5, or models that are not just hydrogen gas. The theoretical
gas-only disk is not analyzed here and this idea is dismissed. Therefore, to remain
consistent with previous modelling schemes, silicate and carbon are used (for further
review of disk compositions, see Natta et al., 2007). Item (2) is addressed in Acke
et al. (2013) as a possible explanation for the lack of IR spectral features—this does
dismiss PAHs which do not have a smooth opacity in the IR. Item (3) describes a
configuration prohibitive of observing Kirchoff’s emission and absorption laws. In
other words, the spectroscopic features are absent due to the lack of cold or hot
material in front of a hot or cold dense layer. Instead, the edge-on configuration
reveals a dense, highly opaque wall of material, which is presently assumed to be a
blackbody radiator (e.g. featureless). The fourth item is a typical assumption for
disks with little-to-no IR features (Min, 2009) and has been suggested in previous
101
publications for ε Aurigae (Hoard et al., 2010; Stencel et al., 2011; Muthumariappan
and Parthasarathy, 2012).
Additionally, Muthumariappan and Parthasarathy (2012) argue with their radia-
tive transfer modeling of the disk and central B5V star, that the disk is composed
of carbon. They explore compositions of amorphous silicate, amorphous carbon,
and a combined 60/40 mix, concluding that a composition of 10− 100µm particle-
sized amorphous carbon (originating from the mass-loss of a carbon-rich, post-AGB
F0Ia star) best-fit the observed spectral energy distribution (SED). They also show
with SED-fitting that interstellar medium (ISM) dust is not found in their mod-
elled disk. However, further explanation is needed when considering Sadakane et al.
(2010) found carbon and oxygen to be slightly under-abundant in the F-star. This
could be explained by the dredged-up carbon (from an evolved F-star) being trans-
ferred to the disk and leaving the F-star with minimum carbon. Nevertheless, if the
F-star is not evolved, then its under-abundance suggests that current information
does not reasonably explain an F-star originated, carbon-rich disk; the debate is
still ongoing.
Compositions of silicate (in the form of enstatite, Mg0.5Fe0.5SiO3), amorphous
carbon, and a mixture of 60% silicate and 40% carbon (henceforth, 60/40) are
used for the present models (following the most recent MCRT models of ε Aurigae,
found in Muthumariappan and Parthasarathy, 2012). Amorphous carbon displays a
smooth opacity curve at infrared wavelengths, which provides no prominent features
in the infrared SED. In general, materials with smoother opacities are more likely
to be found in those modelled situations (as in Acke et al., 2013). The index of
refraction (m = n+ ik) data used here are from the laboratory astrophysics group
at the Astrophysical Institute and University Observatory Jena (Jaeger et al., 1994;
Dorschner et al., 1995; Jager et al., 1998)1. Silicate and carbon refractions are
1New adjustments to astronomical silicate equivalents have recently been published by Speck
et al. (2015) and may provide slight variations to the model results. However, in order to remain
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converted into opacity-to-extinction and albedo values required in the Monte Carlo
radiative transfer code and are shown in Figure 3.5.
It is noted the composition should have a slight dependence on distance, or the
mass ratio, as described in Muthumariappan and Parthasarathy (2012). If the disk
is younger, closer to a protoplanetary disk (q > 1 or d & 850 pc), its composition is
expected to be more like ISM composition—represented by the 60/40 mix. An older
disk is more likely to have accreted material from the primary and its composition
more stratified (q < 1 or d . 850 pc). However, the modeling performed here
investigates the composition of the disk as a distance-independent parameter in
order to fully investigate the parameter space. Additional comments regarding this
dependence are found in §3.2.5.
Dust particle size
Basic assumptions of disk particles are explored here for the present work: spher-
ical particles exhibiting optical properties from the Mie solution (originally published
in Mie, 1908), over a size distribution that follows the Mathis et al. (1977), MRN,
prescription of n(a) ∝ a−3.5, where n(a) is the number density of particles with
a given radius. Three separate groups of particle sizes— defined by their associ-
ated amin | amax—are assumed: 0.001µm | 1µm, 1µm | 10µm, and 10µm | 100µm,
or small, medium, and large, respectively. Some particle descriptions not presently
explored include the following: non-spherical particles, layered particles, and size
distribution mixing. The dust parameters for each size distribution (i.e. the opaci-
ties and albedo shown in Figure 3.5) are created with BHMie (based on Bohren and
Huffman, 1983), a Mie theory wrapper to Hyperion, the Monte Carlo radiative
transfer code used for this analysis (see §3.2.2). The BHMie algorithm computes
scattering and absorption properties by combining a composition’s index of refrac-























































































































































































































































































































































































































































































































tion data with various particle size distributions, resulting in the data displayed in
Figure 3.5.
Stellar parameters
The two stellar radiative sources included in the MCRT modeling are the F- and
B-stars. The SED-derived F-star temperature of 7750 K required the aggregation
of more than 30 spectral and photometric data across wavelengths 0.1 − 71 µm
(Hoard et al., 2010). Therefore, this F-star temperature is adopted as a distance-
independent parameter. Its radius, however, follows the angular distributions from
Klo in Table 1.2 and is distance-dependent2.
The same SED-analysis from Hoard et al. (2010) provides constraints on the
disk-hidden B-star, placing it as a main-sequence B5 ± 1 using UV observations
from FUSE and HST-GHRS (with 0.11 ≤ λ ≤ 0.15). The determined spectral types
give temperatures ranging ∼ 14, 000− 17, 000 K. Hoard et al. (2010) conclude that
the continuum slopes of the B3V and B0V stars do not fit with their de-reddened
UV observations. However, it must be noted that Hoard et al. (2010) used the
HIPPARCOS distance of 653 pc (Perryman et al., 1997) to complete the analysis.
A distance selection was necessary, yet it limited the stellar radii and mass to the
distance constraints—especially when considering the de-reddening correction for
distances up to 1200 pc. Thus, the two q values chosen above, q = 0.75 and q = 1.25,
require the B-star to tend towards a B3- to B1-type star (with T ∼ 19000− 24000
K). As will be shown, the increase in the central B-star temperature and luminosity
scale in parallel with the disk size and may be a determining factor in finding suitable
models (see §3.2.5). It is noted that if the B5±1 V stellar type is strictly prescribed,
then angular distributions require the system to have 0.4 . q . 0.7 or 590 . d . 720
pc. Nevertheless, the chosen q values are selected to fully investigate the available
2The radial values correspond to those reported in Hoard et al. (2010) as well.
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parameter space of ε Aurigae. This allows for comparisons to be made between a
q < 1 and a q > 1.
For completeness and specificity, published parameters for the range of main-
sequence B-stars are used to specifically identify the corresponding stellar temper-
ature, radius, and intrinsic luminosity at each prescribed q; table 3.10 shows these
values (as obtained from Cox, 2000; Hohle et al., 2010; Carroll and Ostlie, 2006). A
simple linear fit over the logarithmic TB?:MB? and LB?:TB? relations provides the
means to interpolate these values for a specified MB? and subsequently, d(q). The
two extrapolations are shown in Figure 3.6 along with the ±σ. Note that Figure
3.6(b) is essentially a Hertzsprung-Russell diagram of the main-sequence B-stars
(just with the temperature inverted on the x−axis). The temperature-mass relation
is the following:
log T = (0.65± 0.04) logM + (3.69± 0.04) . (3.19)
As previously stated, selecting a q pre-determines the associated value of MB?. An
associated temperature can be extracted by using the q-dependent mass in the above
equation. Then, using the luminosity-temperature relation,
logL = (−20.70± 1.34) log T + (5.63± 0.31) , (3.20)







where σ is the Stefan-Boltzmann constant (known as ∼ 5.67 × 10−8 W m−2 K−4).
The resulting values are found in Table 3.10 after linearizing the two relations. This




Figure 3.6: These two plots use the data from Table 3.10 to extrapolate B-star
temperatures and luminosities, given a mass ratio, q. Orbital solutions allow one to
calculate the mass of each stellar component, which is subsequently used to obtain
temperature and luminosity via the two plots shown here.
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Table 3.10: Compiled list of main sequence B-star parameters from Cox (2000),
unless otherwise noted
Stellar type
Temperature Mass Radius Luminosity
(K) (M) (R) (L)
B0 30000 17.5 7.4 39824
B1 25400b 11.98a 5.2b 9950b
B2 20900 8.5a 4.1b 2920b
B3 18800b 7.6 4.8 2584
B5 15200 5.9 3.9 729
B6 13700b 2.9b 272b
B8 11400 3.8 3.0 136
a Hohle (2000)
b Carroll & Ostlie (2006)
Additional parameters
Disk inner radius: The disk’s inner radius is unknown, but has been esti-
mated at ∼ 1 AU from transient He i 10830 Å absorption during mid-eclipse (Stencel
et al., 2011). Also, Wilson (1971), van Hamme and Wilson (1986), and Hoard et al.
(2010) suggest a center void in order to explain the suggested mid-eclipse brighten-
ing, though the actual existence of the brightening is still debated (see also Budaj,
2011). Following this prescription, Muthumariappan and Parthasarathy (2012) de-
termined an interior disk radius of 2 AU (and an outer disk radius of 3.8 AU) using
a dust sublimation temperature of 1500 K as the interior cut-off point; this pro-
vides rin/rdisk > 50%. However, Kloppenborg (2012) found no need for such a large
interior opening (because the light-curve modelling performed did not trace a mid-
eclipse brightening effect). Still, the analytic solutions provided in §3.1 find a similar
rin/rdisk as Muthumariappan and Parthasarathy (2012), or ∼ 50%, using a nominal
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dust sublimation temperature of 1600 K. The variance in sublimation temperature
may slightly change the rin/rdisk.
Many studies of sublimation temperatures show they vary by material, bulk
density, porosity, particle size, heat capacity, and astronomical environment (via
number density and pressure). For instance, Taylor (1992) cites Wood (1988) in
providing a condensation sequence for a gas with 10−3 atm pressure, which includes
iron and nickel metal (1471 K), MgSiO3 (1349 K), and ferrous pyroxenes (< 1000
K). Lodders (2003) finds MgSiO3 at 1316 K for 9.8×10−5 atm. Helling et al. (2001)
investigates dust in brown dwarfs and provides sublimation temperatures depen-
dent on total hydrogen number densities: Mg2SiO4 ranges from 1100− 2200 K and
Fe2SiO4 from 1000 to 2000 over n<H> = 10
10 − 1022 cm−3. Kama et al. (2009)
use thermodynamic, laboratory-derived constants to compute sublimation temper-
atures: MgFeSiO4 (1300 K) and Fe (1400 K) are a couple of examples. Kobayashi
et al. (2011) use mean molecular weights, latent heats, and vapor pressures for
their calculations of circumstellar dust particles forming disk rings, including car-
bon (1924 K), olivine (1297 K), and iron (742 K). Lastly, Lebreton et al. (2013)
determine silicate and porosity-dependent carbon sublimation temperatures using
grain sizes and survival timescales (or how long it takes to fully sublimate a parti-
cle): the overall range for silicates with grain sizes 0.01−100 µm spans ∼ 950−1200
K; carbon grains over the same particle distribution range from 1500− ∼ 2300 K.
See also Cowley (1995) and Ebel (2006) for even further discussion and ranges.
Though the sublimation points are dependent on the physical features of the
particles and their surroundings (as evidenced above), no direct correlations with
the parameters selected for the present work are available or known. Therefore, a
generic, aggregate sublimation temperature of 1600 K is chosen for the model anal-
ysis. By inspection, this is an over-estimate for the silicates and most likely an
under-estimate for the carbon particles, as shown in Figure 3.7. To look at this ef-
109
Figure 3.7: Multiple sublimation temperatures are shown with respect to disk
temperatures derived from simplified B-star radiative equilibrium calculations (see
Equation 3.22). Though the assumed, average sublimation temperature of 1600
K over-estimates the silicates and under-estimates the carbon, the associated rin
uncertainty is within the error of the output temperatures shown in Table 3.11.
fect, one can assume a sublimation temperature range of 1400−1800 K and identify
rin accordingly. Then, for the 740 pc models, the rin/rdisk ratio spans 18− 30%, or
more succinctly, 23+7−5%. The 1600 K assumption, therefore, provides a total ∼ 10%
uncertainty. The 952 pc models give rin/rdisk = 46
+14
−10%, or about a ∼ 20% total er-
ror. The inherent error with the assumed sublimation temperature is approximately
equivalent to the error in the resulting temperatures (see Table 3.11 for reference).
The models may require a re-investigation with variable sublimation temperatures to
truly compare the effects, however, to keep things consistent throughout the mod-
elling process—as with Muthumariappan and Parthasarathy (2012)—the average
sublimation temperature is used as the interior demarcation.
The disk’s interior radius was found for each distance using a simple radiative
equilibrium equation between the incoming B-star radiation power (left side) and
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the irradiating dust’s power (right side):
LB?












T 4B? ' T 4dust. cancel similar terms
(3.22)
This estimate prescription, of course, assumes that the dust particle (of radius a) is a
perfect emitter and absorber, under-estimating the resulting disk temperatures and
giving a lower bound for rin when Tdust = 1600 K. An analysis could be completed
with a given albedo (on the incoming radiation) and emissivity (on the irradiative
term), but since there are many open parameters in the system already, this seemed
to highly overstate things, especially for an estimated value. The above derivation
also requires an optically thin regime. Nevertheless, it is used here because in
Monte Carlo radiative transfer (MCRT) modelling, all the opacity comes from the
dust—if the dust is sublimated, the region becomes optically thin, which permits the
application of this prescription to the MCRT models. Also, a slight forecasting of the
resulting MCRT temperature profile plots (Figures 3.9-3.12) show these calculated
rin values are within < 1 AU of the 1600 K temperature line, and, for the most part,
 0.5 AU. Consequently, the calculated inner radii are shown in Table 3.9.
Gas-to-dust ratio: The models in this section use an assumed mass gas-to-
dust (g/d) ratio of 100. The g/d ratio has a slight dependence on the selected
distance, just as the disk composition: if the disk is young, it will have a g/d ∼ 100;
a more evolved disk will tend towards g/d ∼ 1. Hoard et al. (2012) mention that
the lack of strong molecular emission lines point toward a low g/d ratio in the disk.
However, since the disk is not purely a thin, debris disk, it should have g/d > 1.
Roberge and Kamp (2010) explain that in interstellar molecular clouds, the g/d of
100 has been seen and thereby adopted for protoplanetary disk studies. As a proto-
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planetary disk progresses in its evolution, the gas is depleted and the g/d decreases.
Though the disk of ε Aurigae may have come from an evolved F-star instead, its
formation still consists of accumulated gas from the F-star. The discovery of a mass
stream by Griffin and Stencel (2013) continues to enhance the disk with (mostly)
gas. The precise evolution of the g/d ratio is still unclear. Therefore, for the present
analysis, a gas-to-dust ratio of 100 is adopted, though additional modeling efforts
would be needed to investigate the full impact of this parameter.
Disk accretion rate: The disk accretion rate onto the central B-star is an-
other unknown in the system, though largely constrained by the analysis completed
in §3.1. As previously discussed, there is some evidence in the far ultra-violet
portion of the SED that an accretion rate as high as 10−6M yr
−1 is occurring
at the center of the disk (see Pequette et al., 2011; Stencel et al., 2011). Yet,
these rates seem particularly high, since accretion rates of young stellar objects
start at about 10−4M yr
−1 (Ingleby et al., 2014). This high rate also suggests
the timescale of the disk would be distinctly short, especially if the mass of the
disk is ≤ 6 MX ' 5.7 × 10
−3M. Late-stage disk evolution exhibit accretion
rates ∼ 10−10 − 10−9M/yr (Williams and Cieza, 2011). The results of §3.1 show
∼ 10−7M/yr is a reasonable estimate, but still most likely an upper limit. Nev-
ertheless, this is adopted as the nominal value for the present analysis (see also
Castelli, 1978).
Scale height: The scale height, h0, is defined during this analysis at the disk
edge, rdisk. Lissauer et al. (1996) report an h0/rdisk ≈ 3% through hydrostatic mod-
elling; this scale height ratio is adopted here and used as an input to the Hyperion
code. Converting the h0/rdisk to account for both above and below the mid-plane,
the value simply doubles to approximately 6%. Observationally, Kloppenborg (pri-
vate communication, 2013) provides T /rdisk ' 0.095 (see Table 1.2), which is the
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ratio between the total thickness at disk’s edge and the disk’s radius. Then, if
T = N2h0, N ≈ 1.5. Essentially, each half of the disk (above and below the mid-
plane) requires 1.5 scale heights to build the whole thickness, which is consistent
with Lissauer et al. (1996) and the assumptions in 3.1 that T /2 ∼ h0.
The observed disk temperatures
Two types of observed temperatures are included in the present modelling. The
first type uses a collection of observations covering a span of orbital phases that the
disk temperature is assumed to be constant within error. The second uses single-
epoch observations to determine a disk temperature.
Hoard et al. (2010) and Hoard et al. (2012) performed the original analysis
of orbitally-dependent spectral energy distributions (SEDs) showing a resolvable
variation in the observed flux between ∼ 2 and ∼ 40 µm. Hoard et al. (2012)
provided the first observational evidence for an asymmetrically heated disk, as shown
in Figure 3.4. Multiple blackbody curves were fit to the orbitally-dependent SED,
giving distance-independent temperatures of the ε Aurigae disk for the day and
night sides of the disk: T observedday = 1150 ± 50 K and T observednight = 550 ± 50 K. The
observation epochs used for fitting the day blackbody curve spanned orbital phases
of 0.59 − 0.79 (2, 450, 470 − 2, 452, 448 JD), while the night side of the disk was
observed at 0.94 − 0.24 (2, 453, 931 − 2, 456, 898 JD) phases, with the 0.06 − 0.12
(2, 455, 118 − 2, 455, 712 JD) phases removed from consideration3. The resulting
night observations are centered on mid-eclipse, thereby extrapolating the observed
across mid-eclipse. The 550 ± 50 K is, therefore, assumed to be the observed disk
temperature at mid-eclipse, or disk midnight, facing directly towards Earth, though
the observations span approximately ±10% of the orbit around mid-eclipse.
3The reported phases in Hoard et al. (2010) and Hoard et al. (2012) were centered on mid-eclipse
using the orbital ephemeris JDobserved = 2, 445, 525+9890 from Schmidtke et al. (1985) and Carroll
et al. (1991). Therefore, to be consistent within the present thesis, these orbital phases are adjusted
by +0.091.
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The second type comes from the analysis of single-day SEDs in Chapter 2. In-
dividual disk temperatures were obtained at single, orbital-phase epochs, using in-
frared (3 − 14 µm) observations. Seven epochs were used between orbital phases
0.956 − 0.254, covering the same time as the Hoard et al. (2010) and Hoard et al.
(2012). However, the near-eclipse observations were included in the analysis. As
the updated thermal phase curve of ε Aurigae shows in Figure 2.7, the single-epoch
solutions provide details to a changing disk temperature in and out of eclipse. The
mid-eclipse disk temperature from these observations is 300 ± 50 K (based on the
epoch immediately following the 0.091-phase eclipse).
It is important to remember that the observed fluxes—along with their associated
blackbody-fitted temperature profile—are aggregates of the entire side of the disk
facing towards the observer. In other words, the contribution of flux from the disk
edge varies based on the curvature of the disk as well as the temperature of the
disk at various positions around the disk edge. The thin crescents along the day
and night sides of Figure 3.4 portray the effective amount of flux received by an
observer along each portion of the disk. The width of these regions represent the
relative angle between the observer and the normal of that point on the disk, more
specifically a cosine term. For example, at mid-eclipse with λ′ = 270◦ facing towards
the observer, the angle between the observer and the disk’s normal at that point
is 0, or cos(0) = 1. The part of the disk directly facing the observer provides
the most contribution to the total flux. Because this system is unresolved in most
observations (interferometry excluded, as in Kloppenborg et al., 2010), the observed
flux is a sum total of the visible disk, which is weighted by the cosine of the relative
angle. Therefore, the shaded, crescent-shaped regions decrease to zero near dawn
and dusk—the points 90◦ from the observer-centric point in this configuration. Note
that as the disk moves through its binary orbit, the observer-centric azimuth angle
shifts, as well as the relative “shaded crescents.” Sections 3.2.2-3.2.4 go through a
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detailed description of how the flux is coordinated with the output temperatures
from the radiative transfer modeling.
As a corollary to the above statement, see the notation and descriptions in
Figure 3.4 (similar to Figure 2 in Lissauer et al., 1996). The SED-fitted blackbody
temperatures, T observedday and T
observed
night , are from Hoard et al. (2012). Recall that the
day position on the disk faces towards the F-star, while the night position faces away.
Disk temperatures at specific azimuthal angles will be defined as T (λ) throughout.
Azimuthal angles of 90◦ and 270◦ specify noon and midnight, respectively. These
angles, as well as λ = 0◦ and 180◦, are points of delineation between the day and
night sides of the disk. These are significant for predicting observable temperature
variations and making adjustments to the analytical fits (which will be discussed in
§3.2.5).
3.2.2 Monte Carlo radiative transfer models
The stated parameters from the previous section are inputs to a Monte Carlo
radiative transfer (MCRT) code—namely, Hyperion (Robitaille, 2011)—for mod-
elling the ε Aurigae disk. It is a recently developed, open-source program which pro-
vides a three-dimensional (3D) numerical environment for non-symmetric placement
of numerous luminosity sources in astrophysical systems. For instance, ε Aurigae
requires an F-star be placed at a single position outside of a disk-hosting B-star (it
even accepts asymmetries in the disk density prescription, if desired). This setup
allows for convenient analysis of the noon and midnight temperatures of the disk
at rdisk. Hyperion is not time-dependent and does not, for instance, permit the
disk to rotate. Because of the non-rotation, the hottest part of the disk is observed
at the disk’s noon, or the part of the disk facing directly towards the F-star. The
coldest part of the disk faces directly away from the external star. More accurately,
the peak and minimum temperature are found at noon and midnight if the disk
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rotation is slower than the rate of heating—or cooling—of the disk. Again, this
occurs in the MCRT models, as described below.
The models
Thirty-six models examine the heating/cooling rates of the disk. They are se-
lected over the range of system parameters discussed in §3.2.1 and subsequently
shown in Table 3.9. The noon and midnight configuration of the system are in-
put into Hyperion, resulting in two distinct temperature profiles for each of the
thirty-six identified models. A representative example of the MCRT model output
dust temperatures are given in Figure 3.8; the entire set of output temperature
plots are shown in Figures 3.9-3.12. They display the temperature distribution of a
vertical slice of half of the disk at a given azimuth—specifically noon and midnight.
Each slice spans rin to rdisk and −zmax to +zmax. Every plot uses y-axis limits of
zmax = 1 AU in order to show the overall structure and temperature distribution of
the disk. The images are set up to mimic the configuration of Figure 3.4, where the
F-star is located to the right (and not shown). The B-star is found in the middle of
the disk in Figures 3.4 and 3.8. However, Figures 3.9 and 3.10 assume the B-star is
to the left (not shown), while Figures 3.11 and 3.12 assume it is to the right. Also
note the series of plots illustrate an edge-on view of the flared, vertical slice through
the disk, instead of a face-on, top-down view as shown in Figure 3.4.
The temperature profiles images—not the MCRT models themselves—have a
temperature cap of 1600 K, which is taken as the sublimation temperature of the
dust particles, as discussed previously. Some temperatures reach well beyond this
maximum (especially toward the inner region of the disk and beyond the most dense
regions of the disk), but because the observed temperatures are only 1150 and 550 K,
the image cap is assigned for readability and convenience. For instance, the central
temperatures in Figure 3.8 reach just over ∼ 1800 K near the B-star.
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(a) Basal distribution (b) Noon distribution
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Figure 3.8: A representative example of the temperature output of the Monte Carlo
radiative transfer modeling is shown here, spanning the radial (rmin ≤ r ≤ rdisk) and
height distributions of the disk. The disk is outlined by the cooler, most-dense, flared
part of the disk. Via Equation 3.18, the density drops quickly to ∼ 0 at the flare
edge. However, the exponential drop off in the z-direction technically produces non-
zero densities above and below the disk. Though the present analysis uses a single,
density-weighted temperature to describe the disk edge (see §3.2.2), inclusion of
the entire disk temperature distribution illustrates the differences when considering
only the disk and central B-star—the basal distribution (a)—versus the inclusion
of the F-star—the noon distribution (b). The edge temperature of (a) is Tbasal,
or the coldest temperature at which the disk model will reach, based solely on the
interior B-star and accretional heating. Tnoon is the density-weighted temperature
of the disk facing the F-star. Therefore, the F-star is taken to the right of figure,
whereas the B-star sits in the middle of the two figures (stars not shown). These are
the same as Figures 3.11bVI and 3.9bVI, which correspond to a Jupiter-mass disk
composed of large carbon particles set at a distance of 740 pc. Note the temperature
differences within the internal portion of the disk, particularly along the mid-plane;
this is important for particle growth and planetesimal formation.
117
Each figure also shows the effect of density on disk heating; this is more apparent
in the enlarged example in Figure 3.8. The most dense part of the disk is highlighted
by the much cooler, flared component. The density structure is such that a steep
fall-off to an effective ρ ≈ 0 occurs quickly outside of the cooler, denser region. This
causes a rather immediate increase in temperature outside the main disk structure.
The hot (≥ 1600 K) regions above and below the flared disk are simply products
of both the “non-zero” (but extremely close to zero) and “computational, floating-
point zero” values of the radial and vertical density distribution of the disk, following
equation 3.18.
The midnight temperature profiles are actually basal models. This is what the
disk’s temperature distribution would look like without the presence of the external
F-star. In other words, the basal model shows the minimum temperatures the disk
could have for a given set of parameters; most are equivalent to those produced by
Muthumariappan and Parthasarathy (2012). The basal MCRT models are effective
analogues to midnight with the F-star “on,” because of the highly opaque disk.
The midnight position is always the point facing away from the F-star, or the side
opposite noon; it must be noted, however, that midnight may not always provide
equivalent basal disk temperatures. The MCRT modeling produces a basal tem-
perature at midnight (i.e. Tbasal = Tmidnight), but when the disk rotation is slower
than the thermal inertia-driven heating/cooling rates (as described in §3.2.3), it is
possible to have a basal temperature towards dawn, not midnight. But again, the
MCRT models (which dismiss disk rotation) produce midnight disk temperatures
equivalent to the basal temperatures.
The density-weighted, disk-edge temperatures
The highly opaque nature of the disk suggests the observable emitting region of

























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































the temperature at the edge of the dense disk, using a density-weighted temperature
average that accurately portrays those temperatures. This process is required in
order for the MCRT models to be represented as a single disk-edge temperature
which is used for comparing to the observed temperatures. All of the temperatures
from the MCRT numerical grid located near rdisk (usually within 1-5 pixel columns)









where r denotes the radius location and j denotes the cell at a particular disk height
(z) at a specified radius.
The weighted temperatures for each computed model pair are shown in Table
3.11. It gives Tnoon and Tbasal for each of the MCRT models and displays them
in a similar format to those images in Figures 3.9-3.12, except both distances and
temperatures are included in a single table. Standard deviations from the weighted
averaging are included as the error of the temperature calculation—it is essentially
the error in flattening the two-dimensional edge into a single value. Note that for
Tbasal—where there is no F-star—the temperatures at every disk edge azimuth are
the same, i.e. Tbasal = T (λ = 0) = T (90) = T (180) etc.
MCRT models provide a static output of thermodynamic equilibrium temper-
atures and, as is the case of ε Aurigae, gives symmetric temperature distributions
around noon and midnight within ±90◦ of the central disk azimuth. Previously mod-
elled SEDs (Muthumariappan and Parthasarathy, 2012) may incorrectly replicate ε
Aurigae’s observed SED if disk rotation and thermal inertia effects are taken into
consideration. Nevertheless, this research establishes a way to effectively use radia-


















































































































































































































































































































































































































































































































3.2.3 Thermal inertia-dependent disk models
Generally, circumstellar disk MCRT models, regularly invoke azimuthal symme-
try with a central star (e.g. Robitaille et al., 2006; Muthumariappan and Parthasarathy,
2012). However, ε Aurigae provides a unique problem when attempting to repro-
duce SEDs through MCRT modeling: the F-star externally heats the disk, which is
rotating at ∼ 30 km/s (Lambert and Sawyer, 1986; Leadbeater and Stencel, 2010;
Leadbeater et al., 2012). Takeuti (2011) analytically explored the effects of disk
rotation with a time-dependent energy change (through a specific heat-like, or a
thermal inertia-driven, term). The combination of the external F-star heating and
disk rotation allows for
(1.) an asymmetric cooling gradient on the night side of the disk,
(2.) an off-midnight Tbasal,
(3.) an off-noon Tmax, and
(4.) an observable temperature change due to the disk rotation.
The evidence for each of the itemized points falls within the thermal phase curve
(TPC) of the system. A TPC is simply a time-dependent temperature profile. As
discussed in §1.1, TPCs and thermal mapping have been used in exoplanet research
(Koll and Abbot, 2015), Saturn’s rings (Morishima et al., 2011), and asteroid clas-
sification (Emery et al., 2014). In the case of ε Aurigae, the evidence of thermal
effects is found in the TPC of its disk.
Takeuti (2011) first suggested the application of TPCs to ε Aurigae’s circum-
stellar disk, using a specific heat-like parameter, C, to describe the rotating disk.
By testing various values of C, Takeuti (2011) creates thermal phase curves similar
in shape to the Earth’s shown in Figure 1.1, but yet unique for each C value. The
shape of the thermal phase curves relies on the rate of heating and cooling of the
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material. That, in turn, depends on the material’s thermal inertia or thermal diffu-
sivity and—in the case of circumstellar disks—the rotation rate of the disk. Monte
Carlo radiative transfer disk system models assume that the material in the disk
system heats and cools on timescales less than the disk’s rotation. However, if this
is not the case, then the effect of the material’s thermal inertia is observable and
relevant.
The full implementation of the thermal inertia component in a radiative, ther-
modynamic equilibrium equation requires a full-orbit solution via a numerical solver
method, such as a Runge-Kutta. For a first-order approximation, as described here,
that is not necessary (the full-orbit solution is described by and displayed in §3.3).
The more physically accurate and more complicated models combine eccentric bi-
nary orbits with rotating disks to analyze the effect of thermal inerta on the disk
temperature. The full solution requires even more parameters to consider than those
presented here. Therefore, this section outlines how an approximate thermal phase
curve is assembled and utilized from the constraints discussed already. Simply, this
is done by conjoining two functions defined along the day and night sides of the
disk.
Disk night (180◦ ≤ λ′ ≤ 360◦)
If the night disk is in an active cooling state after being heated during the day,
then T (λ′ = 180◦) > T (360◦) as suggested by Takeuti (2011). A solution to the
time-dependent night disk temperature takes the form of
dTdisk(t)/dt = −k T (t)|max:nightbasal , (3.24)
where k is a constant and Tmax:night describes the temperature at λ
′ = 180◦, or the
prescribed link between the day and night functions. By definition, t = λ′/Ω (where
Ω is the angular rotation speed at the disk edge). Another first-order approximation
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assumes k = Ω, resulting in an azimuthal-dependent disk temperature. Further
enhancements of this procedure can more clearly define the physical nature of k and
investigate additional parameters. A simple Newtonian cooling curve represents a
λ′-dependent temperature solution for equation 3.24:
Tdisk(λ
′) = [Tmax:night − Tbasal] e−λ
′
+ Tbasal. (3.25)
The aforementioned assumptions allow for the temperature to be described based
solely on T (180) = Tmax:night, Tbasal, and an inspection of continuity between the
night and day disk temperatures at T (180). This first-order prescription allows the
calculation to be independent of a distance-dependent angular rotation. Addition-
ally, other cooling curve prescriptions require further approximations (e.g. radiative
cooling, as in Takeuti, 2011, where dTdisk/dt ∝ −c−1p T 4disk and cp is the specific heat)
or do not reproduce the observed night temperature (e.g. a simple exponential,
Tdisk = Tmax:nighte
−λ′).
The cooling curve requires iterative adjustments made to T (180) until the night
thermal phase curve reproduces T observednight . Because ε Aurigae is an unresolved source
in most observations, the observed flux is emitted from across the entire face of the
source disk. In order to attempt to replicate that, the night disk is divided into
segments of azimuth, dλ′. The temperature and effective flux are calculated for
each segment via Equation 3.25, along with a weighting factor determined by the
segments’ angle relative to an earth’s line-of-sight (a cosine term) that is used to
properly account for the cylindrical disk’s curvature. Integrating over the weighted










where λi and λf are the beginning and ending azimuth angles facing the observer.
127
So, the prescribed cooling curve gives disk temperatures for every dλ′, while the
integrated flux provides a disk temperature for an entire 180◦ worth of disk.
A moment must be taken to examine the error of the assumed k = Ω prescription.
This is done by using the observed spread in ε Aurigae’s rotation speed is input as
a minimum and maximum scalar with k. Leadbeater et al. (2012) observed disk
rotation speeds spanning 20 − 40 km s−1. If the disk’s nominal rotation speed
is taken as 30 km s−1, there is a ±33% difference based on that nominal value.
When applying that to the k definition, one finds kmax = 1.33Ω and kmin = 0.67Ω.
Using the spread of k values is shown in Figure 3.13. The k = Ω calculation is
shown as a thick black curve—this is what is used throughout the remainder of the
thermal modeling scheme. This curve results in a predicted modelled temperature
at midnight of 550 K (procedure to accomplish this is found below). The light-blue
curves are the result of simply inserting the minimum and maximum k into Equation
3.25. The darker blue shading takes those resultings a step further and uses the
two k values to find the best-fit curves on the day side of the disk (as discussed in
§3.2.3). Though the spread seems large, the adjustments to k still result in predicted
temperatures within ±σ of the observed midnight temperatures. Therefore, the
k = Ω assumption is used in furthering the thermal models predictions.
Disk day (0◦ ≤ λ′ ≤ 180◦)
Considering the off-noon temperature peak in the day portion of Earth’s TPC
in Figure 1.1, ε Aurigae’s disk may, too, provide an off-noon temperature peak if a
thermal inertia effect is observable. Another first-order approximation is applied to
this methodology, this time to the day side of the ε Aurigae disk. A single-peaked
Gaussian curve is fit to the disk temperatures at λ′ = 0, 90, 180◦.
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Figure 3.13: The analysis completed for the thermal inertia models of ε Aurigae
uses a Newtonian cooling curve prescription for the night side of the disk, given
as Tdisk(λ
′) = [Tmax:night − Tbasal] e−k t + Tbasal. The solid black curve is found with
k = Ω, the disk’s rotation speed. The blue shaded regions illustrate k = Ω±33%Ω '
Ω(1±0.33) (or the observed spread in the disk rotation, via Leadbeater et al. 2012).
The light-blue curves simply insert the minimum and maximum k into the best-fit
solution for a large particle, carbon disk at a distance of 740 pc with a disk mass of
a single Jupiter (Tbasal = 214 K). The darker blue shading uses the two k values to
find the best-fit curves on the day side of the disk. The adjustments to k still result
in predicted temperatures within ±σ of the observed.
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where Tmax:day and λ
′
max:day are the peak day temperature and its associated azimuth
angle, and ∆λ′ denotes the width of the Gaussian peak. No additional biases,
assumptions, or parameters are applied to fitting those three variables for each
prescribed model. Many of the day Gaussian fits provide off-noon maxima and a
smooth dT/dλ′ at T (180) between the day and night curves. Acknowledgement is
made in regards to the discontinuous connection at T (360) = T (0) that also may
provide an estimated lower limit on the temperatures in that region. Note, also,
the absence of a Tbasal offset in Equation 3.27. This is deliberately not included
since the solution to equation 3.27 requires input from the night disk, which already
includes a basal term. Therefore, if it was included in the Gaussian function, the
fitting would doubly count Tbasal.
After finding the associated Gaussian constants from the fit, a flux analysis—
equivalent to that performed with the night disk—is executed over the day portion.
The integrated, weighted Tmodelday is then compared to T
observed
day .
3.2.4 Combining MCRT & thermal inertia models:
MCRT-TI models
The combination of both MCRT and thermal inertia-dependent models presents
an array of possible solutions to be considered for ε Aurigae. It investigates the
rotational-inertial effect on the disk temperatures for both the night and day por-
tions of the disk, while still attempting to effectively utilize MCRT results. The
resulting models are referred to as “MCRT-TI” models. A generalized, summary
outline of the described fitting procedure is given here, following discussion from
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previous sections:
(1.) Select a set of system parameters and input into the MCRT code.
(2.) Calculate and record the density-weighted Tbasal (F-star “off”) and Tnoon (F-
star “on”) from the MCRT output.
(3.) Set Tbasal in Equation 3.25. Adjust the Tmax:night of a cooling curve (along the
night disk) via an integrated, weighted flux of the whole night face of the disk
until Tmodelnight = T
observed
night .
(4.) Find a best-fit, single-peaked Gaussian function on the day disk using T (0),
Tnoon, and T (180).
(5.) Compare the integrated, weighted Tmodelday with T
observed
day .
Step 1 is detailed in §3.2.1 and 3.2.2; 36 different models were selected out of those
parameters. The temperatures in step 2 are tabulated in Table 3.11. The remaining
steps (3- 5) are discussed below, along with a description of the modeling error
associated with the best-fit models. Further discussion is found in §3.2.5.
The Newtonian cooling prescription, Equation 3.25, is solved for the disk az-
imuth angles on night side by defining Tmax:night and Tbasal, while requiring dT/dt
continuity between the night and day temperature distributions at T (λ′ = 180◦).




night . The T
model
night is found by
the summing up of the weighted temperatures along the disk edge, as detailed pre-
viously. It is important to note that for these temperature distribution curves, an
opaque disk is assumed where the optical depth is > 1 at the disk edge (within a
few column pixels). Therefore, one can reasonably assume the observed flux radiates
from this region.
Section 3.2.1 introduces two types of observed temperatures used in the present
analysis, particularly for the night solutions. The first is the 550±50 K temperature
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spanning pre-eclipse through post-eclipse phases; it is assumed that the midnight
temperature is also 550±50 K. The second is the 300±50 K discovered using a single-
epoch spectral energy distribution blackbody fitting. For completeness, analysis is
performed for each temperature; discussion follows.
Assuming T observednight = 550± 50 K
Thirty-three out of the 36 MCRT-TI models reproduce T observednight at 550 K, which
also account for the published ±50 K error. The three models that could not were
those with Tbasal > T
observed
night + 150 K (3σ), namely, every composition at d = 952 pc,
with grain size distribution 10 ≤ a (µm) ≤ 100 and Mdisk = M⊕ (plot aIII, bIII,
and cIII in Figures 3.10 and 3.12). These models show that the radiation from
the central B-star heats up the disk edge to temperatures  T observednight ; they also
show that most of the disk itself would have temperatures ∼ 1600 K, pointing to
an almost completely sublimated disk structure. The MCRT-TI 550 K models are
then binned according to §3.2.5 based on the resulting
∣∣∣T observedday − Tmodelday ∣∣∣. In other
words, the binning looks at how displaced the resulting model temperature is from
the observed.
Since the fitting procedure outline above requires every model to first match the
T observednight , the variance between the models and the observations results from the
day disk matching. After fitting the night side of the disk, T (180) and T (360)—
which are Tmax:night and Tmin:night, respectively—are extracted and used in the curve-
fitting of the day disk for the 33 models. Though the direct use of the MCRT
model temperatures on the day portion of the disk shows a single-peaked, symmetric
distribution around noon (λ = 90◦), by considering thermal inertia effect on the
disk’s heating and cooling rates, the peak is off-noon. The density-weighted Tnoon
from the MCRT modeling is used as T (λ′ = 180◦). T (360◦ = 0◦) comes out of the
night analysis. It is important to acknowledge again that the temperature at 0◦ is
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most likely underestimated with our assumptions here. However, this portion of the
disk is technically still out of the F-star’s line-of-sight and should still be within the
error, as prescribed below.
Assuming T observednight = 300± 50 K
Things become slightly more intriguing when considering a lower temperature at
the midnight position. Since the MCRT basal temperatures are generally ≤ 350 K,
the Newtonian cooling adjustments readily lead to Tmodelnight = T
observed
night when assuming
a higher midnight temperature (550 K). Besides the three models addressed above,
with the highly exaggerated basal temperatures, other models were removed from
consideration. The introduction of an observed temperature within the general
regime of the modelled basal temperatures limited the number of models capable of
smoothly linking the day and night curves at λ′ = 180◦. In other words, 12 models
whose Tbasal ' T observednight = 300 ± 50 K, showed highly discontinuous (DC) features
at 180◦. Therefore, when those models are also removed from the possibility count,
only 21 out of the 36 remain viable candidates for the ε Aurigae system.
The 300 K usage also prompted an investigation into considering strictly the
MCRT results, instead of incorporating the MCRT temperature outputs with a
thermal inertia affected modelling scheme. So, if an integrated flux is found for
each MCRT model (again, without the thermal inertia application) and compared
with the observed 300 ± 50 K, only 19 models re-produce the observed. When the
1150 ± 50 K constraint for the day side of the disk is added to the first limitation,
only two models are able to provide an integrated flux equivalent to the observed.
Additional discussion follows to address the impact of these two possible solutions.
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The resulting TPCs
Figure 3.14 shows the modelled thermal phase curve (applied to a temperature-
vs-disk azimuth prescription) of the ε Aurigae disk for the same model used in
Figure 3.8: a Jupiter-mass disk composed of large carbon particles set at a distance
of 740 pc, shown in Figures 3.11bVI and 3.9bVI. The top panel, a , represents an
approximation to the output of the MCRT; the lower panel, b, shows the MCRT-TI
results following the newly defined methodology, using 550±50 K as the given night
temperature. Two modelled thermal phase curves are shown in each panel: the
resolved, precise disk azimuthal temperatures are shown as the dashed lines, while
the integrated temperatures—meant to simulate the observation of an unresolved
disk—are displayed as a + every 10◦ around the disk. The latter temperatures are
used for comparing with T observednight and T
observed
day . Notice, also, that the simulation
of the unresolved disk smooths out the discontinuity at λ′ = 360◦, though that
portion of the thermal phase curve is most likely underestimated by this modelling
prescription.
MCRT-TI uncertainty
The implementation of this new method requires an investigation into its effec-
tiveness via its associated error. A number of parameters are considered in this pro-
cess: the observed temperatures, the MCRT density-weighted temperatures (Tnoon
and Tbasal), and Tmax:night. The nature of this modelling process puts much of the
error emphasis on the night calculations.
With the power in the exponential term of Equation 3.25 assumed set (and dis-
cussed in §3.2.3), the basal temperature is the only part of the equation that strictly
adds uncertainty. However, the point of the cooling equation is to define the disk’s
azimuthal temperature along the night portion so that an integrated temperature
can be obtained to replicate the observations. Therefore, the observed temperatures
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Figure 3.14: Two different azimuth-dependent temperature models based on the
model in Figure 3.8 are constructed here with Tbasal = 214 K and Tnoon = T (λ
′ =
90◦) = 1170 K. Panel a shows a simulated Monte Carlo radiative transfer (MCRT)
output where Tbasal = Tmidnight = T (270
◦); and b shows the combined MCRT and
thermal inertia (MCRT-TI) solutions as discussed in §3.2.4. The black dashed lines
represents the modelled temperatures across the face of the disk (found every ∼ 1◦),
while each + shows a predicted, integrated temperature every 10◦ of azimuthal angle
facing towards the observer. The latter temperatures are integrated over the entire
portion of the disk facing the observer, as described in §3.2.3 and represented in
Figure 3.4. Each + represents equivalent SED-determined temperatures one would
observe from the unresolved system. Panel b reproduces the observed temperature
results at day and night, lending further support of a disk with an off-noon peak
and an inherent thermal inertia. The associated error for each modelled temperature
distribution is shown by the gray bands. The observed 1150 and 550 K temperatures
associated with day and night, respectively, are shown for convenience. Additionally,
the disk azimuth angle is extended ±10◦ to emphasize the discontinuity in the
MCRT-TI models.
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add their own uncertainty to the model fit (both with ±50 K), specifically in the




night . The worst-case error bands
shown in Figure 3.14b result from acquiring best-fit solution with the ±50 K uncer-
tainties. The bands are created by evaluating the model described above with the
minimum and maximum temperatures associated with Tbasal and T
observed
night . For the
simulated MCRT thermal phase curve (Figure 3.14a), the error is propagated with
the MCRT noon temperature error, as stated in Table 3.11.
The errors shown in both panels of Figure 3.14 are representative of all the other
modelled systems, since much of the propagated error comes from the observed and
MCRT basal temperatures. Tnoon (1170 ± 25 K) is shown in both panels of Figure
3.14 at λ′ = 90◦. For panel a , Tbasal = Tmidnight = T (214
◦), whereas Tbasal is used
according to Equation 3.25 in panel b. The integrated temperatures at noon, used
for comparison to the observations as discussed in §3.2.5, are shown with ±25 K
and ±44 K in panels a and b, respectively. The midnight integrated temperatures
have similar errors of ±29 K and ±50 K in each panel. These errors—particularly
those from the MCRT-TI model in panel b—are within the same error bands as the
observations and allow the analysis to focus on the models with Tmodelnoon ∈ T observedday ±
50 K and Tmodelmidnight ∈ T observednight ± 50 K.
3.2.5 Results & Discussion
The ε Aurigae MCRT-TI models now permit evaluation and discussion of the
various parameters. To do so, four model bins based on the differences between the
observed and modelled day temperatures are defined as follows:
• Likely,
∣∣∣T observedday − Tmodelday ∣∣∣ ≤ 50 K;
• Plausible, 50 <
∣∣∣T observedday − Tmodelday ∣∣∣ ≤ 150 K;
• Unlikely, 150 <
∣∣∣T observedday − Tmodelday ∣∣∣ ≤ 250 K;
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• Highly unlikely, 250 K ≤
∣∣∣T observedday − Tmodelday ∣∣∣.
There is no bin provided for the three models with Tbasal  T observednight , in either tem-
perature case. The various model types are now given with associated temperatures
included: MCRT-TI 550 K, MCRT-TI 300 K, and MCRT 300 K models. Discussion
concerning the binning of the model temperatures is given below. Their application
to observation is also discussed.
Binned results for T observednight = 550± 50 K (MCRT-TI 550 K)
The 33 MCRT-TI models that reproduced 550 ± 50 K for the night side of the
disk are placed in their representative bin: twelve of those 33 models are defined as
Likely; eleven are Plausible; four and six are defined as Unlikely and Highly
unlikely, respectively. While ∼ 60% of the total models are Likely and Plausi-
ble, ∼ 40% of the models may not physically represent the system based on their
modelled, integrated day and night temperatures, according to the bounds estab-
lished in this paper. This includes the 3 models with Tmodelnight  T observednight and 10
others with Tmodelday greater than 150 K of the observed day temperature. Table 3.11
gives the Tnoon and Tbasal temperatures of each model, but Table 3.12 adds shading
according to the defined bins. The bins are segregated into gold, light gray, gray,
and dark gray, respectively; the three outlier models are shaded in black.
When looking at how the various model types distribute to the identified bins,
the following parameters are considered: distance (740 or 952 pc), disk mass (M⊕ or
MX), dust composition (magnesium-iron silicate, carbon, or a 60/40 mix of those
two), and particle size distributions—using MRN cut-offs of 0.001 − 1µm (small),
1− 10µm (medium), or 10− 100µm (large). The Likely models show a preference
for the largest particle size distribution (Nsmall = 2 : Nmedium = 3 : Nlarge = 7) and
carbon (Nsilicate = 3 : Ncarbon = 6 : Nmix = 3); it also has a slight preference towards
a Jupiter-mass disk (NM⊕ = 4 : NMX
= 8) and the 740 pc distance (N740 = 7 :
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Table 3.12: MCRT-TI 550 K bin results





























Note: The color shading represents different bins according
to those listed in at the beginning of §3.2.5: gold for Likely,
light gray for Plausible, gray for Unlikely, and dark gray
for Highly unlikely; the three outlier models are shaded in
black.
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N952 = 5). The eleven Plausible models prefer the 60/40 mix (2 : 3 : 6) and the
medium particle size distribution (2 : 7 : 2); it slightly prefers an Earth-mass disk
(7 : 4) and has no preference towards distance (6 : 5). These trends can be identified
visually in Table 3.12.
The main points to consider from the Likely and Plausible MRCT-TI 550
K models are the tendency towards the larger particle distributions and carbon
compositions. The disk mass and distance are not strong dependencies and when
looking at both bins together, the differences wash out between those variables.
The distance dependence is somewhat expected, as the physical parameters of the
system scale proportionally with distance. Though an analysis of the disk edge
temperatures does not distinguish between distances, an analysis of the internal disk
temperatures may provide a solution. For instance, the 740 pc models provide cold
mid-plane disk temperatures of ∼ 300 K at ∼ 4 AU, while the 952 pc models have
mid-plane temperatures 2 − 3 times greater; however, it is possible this is a result
of an inaccurate rdisk calculation or sublimation temperature oversight. Regardless,
the large optical depth of the disk revealed by near-infrared interferometric imaging
is also consistent with a cold mid-plane disk temperature (Kloppenborg et al., 2010).
Disentangling these details is an important aspect of future modelling efforts.
For completeness, an analysis of the Unlikely and Highly unlikely bins help
to identify portions of the parameter space that may not physically represent the
ε Aurigae system. The Unlikely bin includes only 4 models and is split evenly
between the two masses and distances; the composition is also split between the
magnesium-iron silicate and the 60/40 mix, while the particle size follows suit be-
tween the small and medium distributions. The six Highly unlikely models all
consist of the smallest particle distribution (6 : 0 : 0) while slightly preferring the
silicates over carbon (4 : 2 : 0) and a Jupiter-mass disk (2 : 4); distance, of course,
is evenly spread.
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When using the observed 550 ± 50 K temperature to complete a binned analy-
sis, the presented modeling method confirms previous assertions of the presence of
larger particles within the disk, distinguished by the relatively featureless infrared
spectrum of ε Aurigae (Stencel et al., 2011). This also provides additional support
for a carbon-rich disk, but still no clear explanation of why or how that could be
the case (in terms of the disk’s origin). This first-order analysis of the disk-edge
temperature confirms the technique’s usefulness.
Binned results for T observednight = 300± 50 K (MCRT & MCRT-TI 300 K)
Twenty-one models remain after removing those which could not reproduce
T observednight or that had highly discontinuous connections between functions at λ
′ =
180◦. Those models are placed in their respective bins, as shown in the left-half of
Table 3.13 (following the same color scheme as detailed above): a single model is
found as Likely; eleven are Plausible; two are Unlikely; and seven are consid-
ered Highly unlikely. That means 1/3 of the thirty-six models are Likely or
Plausible and the remaining two-thirds Unlikely or Highly unlikely. Further
discussion is included below.
The same parameters used for analyzing the 550 K model bins are used here.
But unlike those models, the Likely bin is occupied by a single model: medium
distributed particles of magnesium-iron silicate in a MX disk at 740 pc. The density-
weighted MCRT temperature (assumed to be at λ′ = 90◦) is 1209± 15 K, followed
by the peak temperature of 1340 ± 40 K at λ′ = 114 ± 5◦. This single result is
actually a little surprising, given it states the disk is composed of a silicate material
known for non-smooth opacity curves in the infrared, especially with particle radii
between 1− 10 µm. If this is indeed the model representative of the ε Aurigae disk,
the stated surprises may actually be emphasizing the significance of the edge-on


























































































































































































































































































































































































































































are present in spectra per Kichoff’s thermal radiation laws. If the disk edge emits as
a solid, opaque blackbody then it will not show any defining features in the infrared,
as is the case with ε Aurigae.
The Plausible bins back up the single Likely result as they show preference
to the 740 pc distance (N740 = 8 : N952 = 3), the 1 − 10 µm particle distribution
(Nsmall = 1 : Nmedium = 7 : Nlarge = 3), and a Jupiter-mass disk (NM⊕ = 3 :
NMX
= 8). However, these models do not distinguish between particle composition
(Nsilicate = 3 : Ncarbon = 4 : Nmix = 4).
The combined Unlikely and Highly unlikely bins only emphasize the small
particle distribution (8 : 1 : 0). The others do not distinguish, though this is some-
what expected because of only 9 models filling these bins with another 15 models not
even included in the binning process due to their lack of continuity during 300±50 K
reproduction. Those un-binned models actually indicate a preference to the largest
particle distribution (9 : 3 : 3), which is unlike the models using the 550 K as the
midnight temperature. Closer inspection, however, shows that those models actu-
ally produced basal temperatures within the observed 300± 50 K range. Therefore,
an investigation of the MCRT results themselves is required.
The same binning is used to analyze both the noon and basal MCRT tempera-
tures, as shown in the right-half of Table 3.13. An integrated flux is determined for
both the night and day sides of the disk, as with the MCRT-TI models. However,
unlike those models, the minimum and maximum disk temperatures are located at
midnight and noon. Because of the integration method, a best-fit solution will re-
quire Tnoon > 1150 K and Tbasal < 300 K. In essence, the integration over the face
of the observable disk tends to provide temperatures that are lower than the peak
and higher than the minimum. The basal and noon temperatures are considered
separately for the binning, but then analyzed together as a single model defaults
to the highest bin out of the pair. Additionally, all 36 models are considered. This
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results in two Likely models, 13 Plausible models, 9 models as Unlikely, and
12 as Highly unlikely.
The two Likely models only share two common traits. First, both have a disk
mass of 1M⊕. Second, both reside at the error edge of the MCRT and integrated
temperatures, which may indicate this analysis may indeed be superfluous. Oth-
erwise, they are both quite different: one is medium-sized silicate material at 740
pc; the other is small, or 60/40 composition and at a distance of 952 pc (the latter
was one which was removed previous because of discontinuity at 180◦). Extension
to the Plausible models is just as spread over composition (4 : 4 : 5), though they
show very slight preferences towards a 952 pc distance (5 : 8), and particle sizes
larger than 1 µm (2 : 5 : 6). However, these models heavily favor a Jupiter-mass
disk (3 : 10), which is opposite the Likely models. On the lower end of the bins,
the Unlikely models heavily prefer a 740 pc distance (7 : 2), a medium particle
distribution (1 : 6 : 2), and an Earth-mass disk (7 : 2), while no preference is shown
towards a composition (2 : 4 : 3). The Highly unlikely models point to small
and large particle distributions (8 : 0 : 4), and evenly include every other parameter
(N740 = 5 : N952 = 7; NM⊕ = 6 : NMX
= 6; Nsmall = 5 : Nmedium = 4 : Nlarge = 3).
No definitive results may be viable by simply using the MCRT temperatures, ex-
cept for (possibly) the pair of Likely models. The methodology simply looks at
resulting integrated temperatures, and, those two provide it within the given error.
Of the two binning schemes used for the 300± 50 K midnight temperature, only
3 are given as Likely models. That is almost four times less than those found in
the 550 K analysis. However, the bins outside of these models are comparatively
erratic, which may not matter, considering the effectiveness of pinpointing Likely
models. The 550 K Likely models share two significant tendencies with the single
300 K models: all prefer an Mdisk = MX at a distance of 740 pc. The composition
and particle size is still debatable between the two.
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An additional distinguishing method for MCRT-TI 550 K models:
The Tnoon and ∆T relationship
The single MCRT-TI 300 K result is very distinct, especially compared to the 12
Likely models found with the MCRT-TI 550 K analysis. Therefore, an additional
distinguishing method attempted to separate the 550 K models more fully. This
extra effort was expanded to reconsider the ∼ 500 K temperature that has been
identified with the ε Aurigae disk for many years (Kopal, 1971; Backman et al.,
1984).
If each of the 36 MCRT-TI 550 K models are placed on a plot of Tnoon vs.
∆T = Tnoon − Tbasal (or the difference between the maximum MCRT model disk
temperature at λ′ = 90◦ and that model’s MCRT basal temperature), Figure 3.15
is the result. It shows the distribution of an error-weighted linear regression fit of
the Likely and Plausible models (Tnoon [K] ≈ 0.81∆T + 410) and its ±σ. When
T observedday is plotted with its ±σ of 1100 and 1200 K, a region of confidence is out-
lined by the intersection of the fitted regression’s ±σ with the ±σ of the observed
temperature. The MCRT temperatures are plotted according to the appropriate
bin, designated by the results of the MCRT-TI 550 K models. A group of Likely
models (solid black circles) sits within the apparent rhombus region of confidence.
The Plausible, Unlikely, and Highly unlikely are scattered above and below
this region, generally along the linear regression. Therefore, Figure 3.15 provides a
simple test of whether a particular model is a solution candidate (if it falls within
the confidence region) or if it is not. It becomes a very convenient way to dismiss
models especially with the number of models required to explore the vast ε Aurigae
parameter space.
Furthermore, it is significant to note that the y-axis of Figure 3.15 is not the
integrated Tmodelday used for the binning demarcation of individual models. The points
plotted are the density-weighted averages from the MCRT modeling found in Table
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Figure 3.15: The Tnoon and ∆T = Tnoon − Tbasal of each ε Aurigae MCRT model
are shown here with a best-fit, weighted, linear regression and its ±σ (black lines).
Note the Tbasal and Tnoon are different for each model, providing a relation in the
linear regression that is not simply 1. The observational day temperature, T observedday ,
and its associated error, ±50 K, are shown by the gray horizontal lines. The ±σ
intersection from the linear fit and T observedday outline a region of confidence for the
resulting MCRT-TI 550 K models of the ε Aurigae system. This region serves as
a reference for either the need to further investigate a model as a suitable solution
for the system (found within the confidence region) or the dismissal of that model’s
ability to physically explain the system (found outside the region). The Likely
models are found within the confidence region. The models are shown with various
point-types according to their particular bin as described in §3.2.5. The shading in
Table 3.11 indicates the models which exist within this region.
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3.11. In other words, the MCRT output provides a convenient way—by means of
Tnoon and Tbasal—to investigate the likelihood of a particular model describing the
physicality of the ε Aurigae system. The center of the confidence rhombus lies at(
Tmodelnoon ,∆T
)
= (1150, 914), making Tbasal = 236 K. This gives a general way to
identify if a MCRT-TI 550 K model is viable or not.
Several models performed with gas-to-dust ratios of 10 were found in their ap-
propriate confidence region, according to their model-fitting bin. Investigations of
other model varieties have not been applied or tested, but are necessary for fur-
ther development. Additionally, increasing the number of models and refining the
thermal inertia-dependent models in §3.2.3 to become more physically based will
fine-tune the error-weighted linear fit and constrain allowable model descriptions.
If the degeneracy among these disk-edge solutions cannot be broken sufficiently
by increasing the number of models or improving the thermal inertia models, en-
hancing the numerical modeling methods becomes essential. Incorporating simple,
yet effective means in radiative transfer models to demonstrate the dependence
of disk temperatures on specific heat and disk rotation would be ideal, especially
in extending these concepts to other disk systems with asymmetric heating and
observable rotations. The presented method—though degenerate limitations also
exist—creates another tool for disentangling the parameters in the disk system and
should be enhanced with further SED-fitting investigations. Also, descriptions of
the disk interior will also play a role in sorting through the degeneracies (as de-
scribed in §3.2.5). In the case of ε Aurigae, the described region of confidence in




The point of the MCRT-TI models is to build disk edge temperatures around
the entire disk azimuth (as if it were a resolved system) in order to extract what the
observable temperature would be. This is completed in the above analysis through
the integrated temperature solution of the “resolved” disk temperatures. Figure 3.14
displays the “resolved” temperatures by the dashed line. Integrated temperatures
are shown every 10◦ by the + demarcation, which are calculated by integrating over
the entire dashed-line temperatures of the disk facing towards the observer. For
example, the T (λ′⊕ = 90) point uses the temperatures from ∼ 0 to ∼ 180, giving
the integrated temperature of the disk when λ′ = 90 is pointed towards the observer
(hence, the λ⊕ symbol). Note that 10
◦ on the disk relates to about 3/4-year (9
months) in the system’s orbit.
Panel a in Figure 3.14 creates simulated disk azimuthal temperatures based on
a slightly altered version of the radiative equilibrium equation, which equates the
dust irradiation temperature with the incoming B- and F-star radiation presented
in Takeuti (2011):
T 4disk(λ) ∝ η
(
T 4F?| cosλ|+ T 4B?
)
. (3.28)
The same stellar parameters as outlined in Table 3.9 are used for the calculations.
In addition, the cosλ term accounts for the angle at which the F-star radiation
reaches the disk edge, while the η factor acts as a sort of absorptive coefficient.
These plots simulate the disk temperature results of a complete 3D MCRT analysis.
Panel a is equivalent to a MCRT output of Tnoon = T (90
◦) = 1170 K and Tbasal =
Tmidnight = T (270
◦) = 214 K, or models bVI in Figures 3.9 and 3.11. Panel b
of Figure 3.14 is the result of following the new MCRT-TI procedure outlined in
§3.2.4 for T observednight = 550 ± 50 K; it also uses the same prescribed Tnoon and Tbasal
as in panel a. However, Tbasal is not taken as T (270), but rather the ambient
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temperature in equation 3.25. The most apparent difference between the thermal
phase curves in panels a and b is the position and value of the maximum and
minimum temperatures.
As a case-in-point example, Figure 3.14a does not reproduce either of the 1150 K
or 550 K observed temperatures when considering a midnight temperature of 550±50
K. The integrated day temperature—with the observer-facing disk azimuth of λ′⊕ =
90◦—is Tmodelday (90) ' 1030 K, more than 2σ less than T observedday . The integrated
night temperature, at λ′⊕ = 270
◦, is ∼ 250 K, almost 6σ lower than T observednight . Note,
however, that when a midnight temperature of 300± 50 K is considered for Figure
3.14a , the night temperature is reproduced within error. This particular model
is one of the Likely MCRT-TI 550 K models, but only a Plausible MCRT-TI
300 K models. Still, the day temperature cannot reproduce the observed in Figure
3.14a using this prescription. This demonstrates the concern of using strictly MCRT
SED-fitting, which may not reproduce either of the observed temperatures per the
descriptions here.
Continuing the case-in-point discussion, Figure 3.14b reproduces the observed
day and night temperatures (of a 550 K midnight assumption) with an off-noon peak
and a non-basal midnight temperature. The MCRT-TI method allows for elevated
temperatures between noon and dusk. In fact, the off-noon peak temperature here
is ∼ 1370 K at λ′ = 133◦. The offset peak raises the observed night temperature so
that Tmodelnight = T
observed
night = 550± 50 K.
Two observationally distinct properties emerge from an analysis of these two
configurations: (1.) the offset location of both the peak and minimum integrated
temperatures is significant; and (2.) the rate of change of the integrated temperatures
is different. If the disk can be modelled by the MCRT (as in the secondary analysis
of the 300 K models in §3.2.5), it implies a peak at noon and a minimum at midnight,
with a dT/dλ′ ≈ 0 for ∼ 30◦ around both of the extrema. If the temperatures are
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affected by a disk heat capacitance (and subsequently, a thermal inertia effect), then
the peak will be off-noon and the minimum will be close to dawn, λ′ ∼ 12◦.
The disk’s thermal phase curve is assumed to be stationary with respect to the
disk’s longitude. In other words, the temperature peak from the MCRT-TI models
will always be ∼ 30◦ off-noon as the disk moves in its orbit. Therefore, the time
required to observe all 360◦ of the disk is dependent on the orbital period, or in ε
Aurigae’s case, 27.1 years. The asymmetric thermal phase curve of the MCRT-TI
models comes from the thermal inertia combined with the disk’s rotation. Assuming
Keplerian rotation, the disk rotation period is around 5 or 7 years, depending on
the size of the disk and given an observed disk rotation speed of ∼ 30 ± 10 km
s−1 (Leadbeater et al., 2012). This means the particles in the disk are rotating
3-5 times every orbital period. Both the orbital and rotational periods are much
less than the evolutionary timescale of a typical disk (∼ 1 Myr), and allow us to be
confident that no significant dynamical changes have been or are seen as the disk
orbits and rotates. Results of the combining the observations from Chapter 2 with
the MCRT-TI models found here will substantiate the presence, impact, and utility
of the heating/cooling effect in the ε Aurigae disk. This is done in Chapter 4.
3.2.6 Summary
The first Monte Carlo radiative transfer modeling of the entire ε Aurigae system
(including the disk, B-star, and F-star) is presented here. Those are combined
them with thermal inertia-dependent calculations to explore the parameter space
available to the system. The output temperatures of the MCRT modeling are used
with first-order approximations of the disk’s temperature profile along its azimuthal
disk edge (the MCRT-TI models) to create thermal phase curves (here, temperature-
vs-disk azimuth angle). This procedure leads to parameter constraint trends in the
model for each midnight temperature. Specifically, the MCRT-TI 550 K models
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point to carbon-rich particles with a MRN particle size distribution spanning radii
of ∼ 10− 100µm in a Jupiter-mass disk; these particular models do not distinguish
between distances of 740 or 952 pc. The MCRT-TI 300 K models, on the other hand,
provides a singular solution: magnesium-iron silicate particles with radii 1− 10 µm
in a MX disk at 740 pc. However, the MCRT 300 K models also must be considered:
medium silicate particles in an Earth-mass disk at 740 pc and/or small 60/40 mix
particles in an Earth-mass disk at 952 pc.
The presence of a time-dependent temperature in the disk refers to material
properties of the disk itself, including composition, particle size, and possibly disk
mass. Therefore, understanding the disk heating and cooling processes—through
thermal phase curves—provides a method of determining disk properties in systems
without identifiable spectroscopic features. Observations enable infrared observa-
tions to distinguish the role the disk’s heat capacity plays in the heating and cooling
of the disk.
3.3 Orbit and rotation solutions: the ORBDiT models
Before completing the correlation between observations and the first-order ther-
mal inertia effected models, another modeling prescription is described here. The
previous section details thermal phase curves (TPCs) of the Monte Carlo radia-
tive transfer (MCRT) models, which produce maximum disk-edge temperature at
noon and a minimum temperature at midnight. Those were combined with the
idea of thermal inertia-dependency and introduced via Takeuti (2011), and denoted
presently as “MCRT-TI” models. The MCRT-TI models build the associated TPCs
from two functions meant to simplify and emulate the effect of the thermal inertia
and disk rotation on the disk temperatures. However, these models fail to exam-
ine the variable F-star flux over the course of the eccentric orbit (e ∼ 0.21) and









Figure 3.16: Description of the angles and terminology used for the determination
of the ORBDiT models. All terms are dependent on the orbital phase of the binary
system. However, the phase-dependence is not strictly shown or identified in the
figure, in order to simply set the terminology and definitions. For further discussion
and definitions, see §3.3.1 in the text. Note the disk longitude at noon (directly
facing the external F-star) in this prescription is defined as λ = 0◦, for convenience.
However, any presentation of the ORBDiT thermal phase curve results reverts to
the previous prescription where noon is at 90◦ for consistency.
angular rotation speed. Therefore, this section examines the relationship between
the disk’s thermal inertia, its rotation, and the eccentric orbit through an incarna-
tion of the radiative equilibrium equation. This fourth description is referred to as
Orbit-Rotation Binary Disk Temperature (ORBDiT) models.
3.3.1 Setup
Before venturing into the depths of the elaborated thermal inertia-dependent
radiative equilibrium, some terms must first be defined. Figure 3.16 defines the
angular components used in the ORBDiT analysis. All the components shown are
dependent on phase, t/P , where t is the time and P is the orbital period. However,
for the sake of the derivations, the phase dependence is removed. For instance, the
separation between the F- and B-stars, s, changes over the course of the binary
orbit, defined as s(t) or s(t/P ); the setup in Figure 3.16 and the derivations here
will simply use s. The derivations included here and in Takeuti (2011) essentially
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trace the motion of a portion of the disk edge as it moves around the disk and
through the orbit. The effect of the system’s eccentric orbit is only shown in the
present derivation.
Since these models correlate disk rotation and orbital motion, there needs be
a connecting factor between time and those two factors. That relationship comes
from how the azimuth (or longitude) of a particular portion of the disk is defined:
λ = tΩ, (3.29)
where t is the time past some specific zero-point (typically the periastron passage)
and Ω is the angular speed, with inverse units to the t, typically s−1. This simple
correlation is the peg that connects the change in disk azimuth over a period of time
corresponding to the orbital motion of the system. Also note that the configuration
has slightly changed in the angular definitions defined in §3.2. Here, noon is defined
as λ = 0◦, for convenience in the calculations. However, the presentation of the
results reverts back to the previous modeling schemes for consistency.
The particular disk longitude is used to define the angle—as seen by the F-star—








where rdisk is the disk radius and s is the separation between the two stars; these
two parameters must share the same units. The ORBDiT models presented here
assume a constant disk radius throughout the orbit, following the angular values of
Kloppenborg (private communication, 2013) in Table 1.2 connected with a selected
distance. Further restatements of the solutions could very easily include a phase-
dependent rdisk. Physically, a changing radius may be required in close binaries if
the disk-edge temperatures exceed the sublimation temperature of the dust.
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Once both λ and θ are determined, the third angle used in defining the location
of a particular portion of the disk is simply
φ = 180◦ − θ − λ, (3.31)
where all angles are shown to be in degrees. The φ angle is used to describe the
remaining aspects of the system. The angle between the normal of the disk and in-
coming radiation from the F-star is described by a cosβ term, where β is a piecewise
function:
β =
 φ , φ ≤ 90180− φ , otherwise. (3.32)
Again, all angles are assumed to be in degrees for easy description. The φ = 90◦ is
the position on the disk where the F-star rays are tangent to the disk’s edge. For
the purposes of the radiative equilibrium equation, this point describes a position on
the disk when no F-star radiation is successfully impacting the surface of the disk.
In fact, it is the demarcation of the end of the day side of the disk, as seen by the
F-star. Physically, the longitudes close to φ = 90◦ will be impacted by the F-star
radiation and most likely allow for some of that radiation to seep through. This
is not mathematically included for the day side of the disk, but is investigated for
other regions of the disk that the F-star does not directly impact. In other words,
the F-star radiation must penetrate a portion of the disk before reaching the second
disk “edge.” These regions are where φ ≤ 90◦ and β = φ.
The amount of disk the F-star photons must go through to reach the other
disk-edge is defined by the chord of the disk at a specific longitude, given by the
following:
lchr = 2rdisk sin(ϑ/2), (3.33)
where ϑ is the angle subtended at the center of the disk by the chord; the definition
153
Figure 3.17: This figure follows the same prescriptions as Figure 3.16, but shows
how the chord of the disk is calculated in this case. The chord length is defined as
l = 2rdisk sin(ϑ/2) and varies according to the orbital phase and the disk rotation.
See the text for further explanation.
is shown is Figure 3.17. This allows for an analysis of the disk’s throughput, or
transmissivity, when given the ϑ angle, described as
ϑ =




The adjustment of the F-star flux to the back edge of the disk is used only for
positions when the F-star photons must go through the disk to impact the back
edge of the disk. Therefore, the chord angle is 0 for any angle on the day side of the





= 2 sin(ϑ/2). (3.35)
The η factor is used in coordination with a percentage parameter to account for
diminishing effects of the F-star radiation through the disk.
For ORBDiT modeling purposes, the percentage of light absorbed at the disk
edge (a micro-extinction effect) and the percentage of light that arrives to the disk
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edge (a macro-extinction effect) are separately discussed. The proper analysis is
described briefly below and will be implemented in future iterations of the ORBDiT
models. To describe an effectively opaque disk, the amount of light that makes it
through the disk and reaches the disk edge decreases by a percentage factor of ζ
(between 0 − 1). Therefore, the form of ζ × σT 4? tells us that only a ζ-percentage
of light from a star reaches the disk-edge, a macro-extinction effect; in the present
case, this would represent the percentage of flux of the B-star reaching the edge
of the encompassing disk. Then, ξ—also between 0 − 1—is used to describe the





shows that only a ξ-percentage of the transmitted stellar radiation is
actually absorbed at the disk-edge and used to heat the disk material.
The macro-extinction scalar combines with the η parameter as a power expo-
nent, ζη, such that when lchr = rdisk, ξ(lchr) = ξ(rdisk). Because the percentage
parameters are only defined within 0 − 1, this does not account for any forward
scattering from the disk and any subsequent additions to the intensity beam. In
practice, the percentage of disk flux could be > 1. Both percentage scalars relate
to physical quantities, namely extinction coefficients, but have not yet been imple-
mented. Specifically, if the intensity of an incoming beam (I) travels through a
thickness (s) of material with an opacity (κ) and density (ρ), the change in intensity
can be defined as the following:
dI = −κ ρ I ds′. (3.36)
Then, if integrated over the whole thickness of the material, and assuming that κ










The solution is a ln(I/I0) on the left side of the equation. Raising both sides by
an exponential factor, one solves for the outgoing intensity of a beam through a
material of thickness s and physical parameters κ and ρ:
I = I0e
−κ ρ s. (3.38)
The exponent is the definition of optical depth, τ , or how well a material permits
transmission. Therefore, τ can also be written as
τ = κ ρ
∫
ds. (3.39)
This final prescription can be used for the ORBDiT models and relates directly to
the defined chord lengths and the percentage scalars.
First, looking at the B-star radiation in this context, the distance that radiation
travels is over a distance of rdisk (that is, to the disk edge). As stated previously, this
is assumed to be constant throughout the orbit of the system and so no alterations
are required for the distance parameter. As a first-order assumption, if the opacity
and density structure are constant—which they are most likely not, as described
by the density function in equation 3.18—then the optical depth component for
the B-star radiation is simply τ = κ ρ rdisk; and the intensity equation becomes the
following:
IB? = IB?0 e
−κρrdisk . (3.40)
The F-star solution is similar, however the opacity comes as a piecewise function.
Assuming no loss in intensity (except for the 1/r2 dependence) between the F-star
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and the disk’s edge allows for the following definition:
τ =





ds , φ ≤ 90◦.
(3.41)
As derived earlier, lchr = 2rdisk sin(ϑ/2), thereby making the optical depth for the
F-star radiation phase-dependent for φ ≤ 90◦:
τ(t) = 2κρrdisk sin(ϑ(t)/2). (3.42)
If the constants are grouped together so that K = κρrdisk, then the F-star intensity
for φ ≤ 90◦ becomes
IF? = IF?0 e
−2K sin(ϑ/2). (3.43)
If one compares the two terms used for diminishing the F-star radiation through
the disk, the following equality is suggested:
ζη = e−2K sin(ϑ/2). (3.44)
For this to be true,
(1.) ζ must be a constant and
(2.) ζ must also equal the B-star exponential (e−κρrdisk).
Therefore, the following simplification is evidence for both:
ζη = e−2K sin(ϑ/2)
η ln ζ = −2K sin(ϑ/2)
ln ζ = −K (where η ≡ 2 sin(ϑ/2))
ζ = e−κρrdisk .
(3.45)
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This satisfies both requirements because the three terms on the right side are as-
sumed to be constant and equivalent to the B-star factor. Therefore, by defining a
ζ, ORBDiT solutions may be solved.
3.3.2 Implementation
The radiative equilibrium equation used to compile the ORBDiT models is an
off-shoot of one presented in Takeuti (2011). However, input radiation from three
components are examined throughout the entire orbit of the system. These include
the F-star, B-star, and accretional heating from the disk to the central B-star. The
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Note the dust temperature, Td(t) is found on the left side of the equation in differ-
ential form. Therefore, this equation is a nonlinear ordinary differential equation.
It is solvable, but only by numerical methods. A systematic Runge-Kutta is applied
here. The specific heat term on the left side is, for now, combined into C = cpmA .





where κ is the opacity of the disk region or particle. This prescription makes the
discussion about C easier and more palatable. Using the definition of thermal inertia,
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following equation 1.1, where Γ is the thermal inertia, k is the thermal conductivity,
and ρ is the density. Essentially, C tells us how the disk temperature changes:
dT/dt ∝ κ k ρΓ−2. This, along with the ζ prescription, simplifies the numerical
modeling load. Therefore, by defining only a few terms, the ORBDiT calculations
are solvable via the Runge-Kutta numerical method.
Another way to look at this is to substitute the definition of C into the thermal
inertia equation:
Γ2 = k ρ cp
= k ρCκ
= k mV C
A
m
Γ2 ∼ 1a kC.
(3.50)
Here, A, V , and a refer to the surface area, volume, and radius of a particle in the
disk. If one assumes the particle is spherical, then a 1/3 is an additional factor on
the right side. Nevertheless, the thermal inertia can then be defined by the particle’s
radius, its thermal conductivity, and C.
Below is an outline describing the steps to solve the Runge-Kutta method. A
single ORBDiT output is shown in Figure 3.18 here as a preliminary step towards a
solution. Note the TPC output is now phase-dependent also: the peak and minimum
temperatures, as well as their location on the disk, may vary, depending on where
the disk is in the orbit relative to the F-star. The methodology is as follows:
(1.) select a q, which defines most parameters, including d and s;
(2.) solve for positions and relative phases of the two stellar components with a
Newtonian, binary description;
(3.) select a the remaining parameters to complete the Runge-Kutta solution.
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Figure 3.18: The output of an ORBDiT model, using a rotation speed of 40 km
s−1 and C = 1 × 106. The plot is situated as if looking down on top of the binary
disk system orbit (at i ∼ 0). Periastron is located at the +x = 0 location, or to the
right. The disk moves up and around the orbit (in this view) as the particle on the
edge of the disk rotates around and around, through an N number of entire orbital
cycles. A cross-section of the resulting disk temperatures at a given orbital phase
builds a thermal phase curve (TPC) for that particular orbital phase, as in Figure
3.19. The radial, outward line denotes the mid-eclipse phase; the two thick curves
denote the observed temperatures at mid-eclipse and anti-eclipse phases. The goal
of the ORBDiT models is to reach both of those temperatures simultaneously.
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The ORBDiT models use lists of the unknown parameters to create models in an
attempt to match the observed SED-derived temperatures.
The output of an ORBDiT model—after selecting and applying a specified ro-
tation speed and C—is disk-edge temperatures, dependent on their disk longitude
and orbital phase. The spirograph-type plot is situated as if looking down on top
of the binary disk system orbit (at i ∼ 0). Periastron is located at the +x = 0
location, or to the right. The disk temperatures are the radial dimension, from 0 to
1600 K. The disk’s orbital motion moves it up and around the orbit as the region
on the edge of the disk rotates around and around, through an N number of entire
orbital cycles.
A cross-section of the resulting disk temperatures at a given orbital phase builds a
thermal phase curve (TPC) for that particular orbital phase, as shown in Figure 3.19.
This figure shows TPCs for four different C values. Note that these TPCs emulate
the results from §3.2, but in a more physical way: the C, ζ, and η terms all relate
to physical quantities, as already described. Though none of these models fit the
observed temperature distribution, the resulting ORBDit spirograph and subsequent
TPC illustrate the importance of these models. The low C value corresponds to a
region on the disk that is fast cooling and heating. The higher C terms create an
offset in the peak disk temperatures, emulating an increase in a region’s thermal
inertia. The Norbit term specifies the number of times the disk completes an orbit.
For modeling purposes, then, it is assumed the disk and its orbit has not changed
significantly in N×P , or about 700 years. Dynamically, this is a small period of time
for the disk. However, it may only be feasible to use an N approximately the number
of orbits that have been observed since the early 19th century: approximately 8.
Further adaptations are required to investigate ε Aurigae and the ORBDiT models.
The ORBDiT model production is only in its infancy and has reached some
limits already. The current modelling code is memory intensive and requires an
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Figure 3.19: Thermal phase curves (TPCs) of different models. The C term is ad-
justed by approximately factors of 10 to observe the change in the TPC. Note that
none of these preliminary models fit the observed midnight temperature distribu-
tions, namely the 300 or 550 K temperature. However, it illustrates the importance
of the ORBDiT models. The low C value corresponds to a region on the disk that
is fast cooling and heating. The higher C terms create an offset in the peak disk
temperatures. The Norbit term specifies the number of times the disk completes an
orbit, where 25 was only used out of convenience in creating the ORBDiT models.
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overhaul, which is outside of the current thesis. As the thermal equilibrium equation
in the ORBDiT calculations is a first-order nonlinear ordinary differential equation,
it requires the iterative numerical Runge-Kutta method to solve. The Runge-Kutta
iterative step size sets a lower limit on the permissible C, which can only be ∼ 10
times less than the given step size. Further minimization of C requires decreasing the
current step size, which cannot be accomplished with its current configuration. The
ORBDiT models presented here use a time step equivalent to 1/500 of the orbital
period. Given a period of 9896-days, that equates to about 20-days or ∼ 1.7× 106-
seconds. If the full spectrum of C is to be examined—especially with applications
to other disk-eclipsing binary star systems—the time-step must be decreased by at
least 6 magnitudes, increasing the number of iterative points to over 109. Further
development of these ORBDiT models is needed, but extends beyond the scope of
this work.
3.4 Modelling summary
Four modeling descriptions of the ε Aurigae disk system have been presented
here. First, the analytic solution adapted basic properties of protoplanetary disk
systems to a (possible) photoevaporating disk. It solved a system of equations meant
to physically describe disk heating from disk-to-central star accretion and disk gas
viscosity. It successfully indicates a disk accretion rate of ∼ 10−7 M yr−1 and disk
mass between 1− 6 MX.
The second presented a detailed analysis of the first Monte Carlo radiative trans-
fer models accounting for all three system components (disk, B-star, and F-star).
The thermal phase curves (TPCs) of the MCRT models produce symmetric tem-
peratures around a maximum disk-edge temperature at noon and a minimum tem-
perature at midnight. Third, an examination of thermal inertia-dependent models,
introduced by Takeuti (2011), was completed. It permitted the intrinsic heating and
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cooling properties of the disk’s particles to be examined. These MCRT-TI models
were then combined with the MCRT to project TPCs for various compositions, par-
ticle sizes, and distances. A possible single solution was obtained when using an
observed midnight temperature of 300 ± 50 K: model aV-740 , an MX disk made
of magnesium-iron silicate particles with radii 1− 10 µm at a distance of 740 pc.
Lastly, an upgrade to the MCRT-TI models was introduced with the ORBDiT
model prescription. This approach better examines the relationship between the
disk’s thermal inertia effect, its rotation, and the variable F-star radiation due to
its eccentric orbit. Only the preliminary implementation was included with expla-
nations of future research.
The progression of models establishes the starting point for even further mod-
elling applications and investigations. They provide foundational grounds for con-
tinual monitoring of this (still) elusive disk-eclipsing binary system. The impact of
these models are reviewed in the subsequent chapter, as they are linked to the newly




The main point of this document is to explore the thermal inertia effect on
the thermal phase curve (TPC) of ε Aurigae. The previous chapter explores many
models that attempt to re-create the observed disk temperatures. The analyses were
based on the two disk temperatures identified in Hoard et al. (2012) (at the day and
night sides of the disk: 1150 and 550 K, respectively) and the newly discovered
midnight temperature of 300± 50 K. However, that latter, single disk temperature
is associated with six single-epoch, SED-derived disk temperatures from the analysis
described in Chapter 2. Therefore, §4.1 combines modelled disk temperatures with
the newly observed temperatures, in order to address the following questions:
(1.) Is the inertial effect present in the observations?
(2.) Do the observations confirm the best-fit model solutions?
(3.) Does the inertial effect solve the disk composition question?
A discussion of the results, including thermal inertia, is found in §4.2. Conclusions,
additional applications, and future work are described in §4.3.
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4.1 Comparison of model & observational TPCs
Thermal phase curves (TPCs) have been used to study many astrophysical ob-
jects. The idea of thermally-phased heating in ε Aurigae was found possible when
Hoard et al. (2012) organized the observations by orbital period and observed a
two-temperature disk. Two-faced disk temperatures had been predicted by Takeuti
(1986) and further explained in Takeuti (2011), who introduced the possibility of a
thermal lag in ε Aurigae’s TPC.
The concepts presented in the previous chapter used first-order approximations
to build “resolved” disk azimuth temperatures along its edge, thereby allowing one
to predict observational temperatures at any given phase. As the disk moves through
its orbit, different parts of the disk point towards Earth. It is this changing view of
the disk that creates change in the infrared (IR) region of its spectrum, specifically
the change in observed disk temperature.
As a review, the constructed, “resolved” disk azimuth temperatures are divided
into segments with width dλ, where λ is an azimuth angle of the disk. The flux
output from each segment is then weighted by the respective emitting area of that
segment, given a disk height and that segment’s dλ. Summing across the edge
face of the emitting disk at particular orbital phases results in the system’s thermal
phase curve (TPC), or a measurement of orbital-phase dependent disk temperatures.
Since the process of determining a modelled TPC requires a specification of the
temperature structure of the disk, the modelled TPCs can be compared against
observation (see §4.2) to answer the questions presented above.
First, §4.1.1 describes how to compute the Earth-facing disk longitude. Then, in
§4.1.2, TPCs from models presented in §3.2 are shown for each BASS observation
epoch. These include TPCs from both the MCRT and MCRT-TI models; in other
words, the two modeling schemes investigate materials with low and high thermal
inertias, respectively. Best-fit SED solutions are shown with the models in §4.1.3.
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4.1.1 Defining λ⊕
The associated phases of the infrared observations are calculated using the pre-
scription explained in §2.1, and re-stated here:
t/P = (RJDobservation − RJDperiastron) /P, (4.1)
where P is the orbital period. This relates the reduced Julian date of observation
to the orbital motion of the system1. Once t/P is determined, the central longitude
of the disk facing towards Earth (λ⊕) can be calculated, as outline below. If one
uses a static coordinate system with respect to the F-star in defining disk azimuth
angles, it subsequently establishes noon as λ = 90◦ and dawn at 0◦, then λ⊕ can be
identified at any given orbital phase, and vice versa.
A simple Newtonian orbital calculation provides x and y coordinates for the
system, given elements of the orbital solution (e.g. period, eccentricity, etc). This
allows for a simple trigonometry solution for the angle between the B and F stars,
θ = tan−1(x/y), as shown in Figure 4.1. Defining θ permits solutions for λA and
λB, which are the limiting disk azimuth angles observed from Earth, and defined
according to the quadrant location of the x, y coordinates, as given in Figure 4.2.
In quadrants II and IV, the θ is negative, so the λA and λB equations are effectively
subtracting the magnitude of the θ angle. The Earth-centric azimuth angle calcula-
tion varies between the quadrants, but it is simply to maintain the correct span of
disk longitudes facing Earth to λ⊕ ± 90◦. The observable angles range across 0 to
360◦, so at certain times, the angles wrap around and begin again at 0◦. Also, the
λ⊕ angles allowed in each quadrant is structured: for quadrant I, 90 ≤ λ⊕ ≤ 180; for
II, 0 ≤ λ⊕ ≤ 90; quadrant III requires 270 ≤ λ⊕ ≤ 360; and IV has 180 ≤ λ⊕ ≤ 270.
1Note that this prescription is based, or rather centered, on the most recent periastron passage.
If RJDobservation < RJDperiastron, then the orbital phase becomes < 0; an adjustment into a 0 − 1
phase range requires a simple +1 addition. The current analysis uses the most recent periastron












Figure 4.1: This figure describes the angles associated with deriving the Earth-
centric azimuth and associated observable disk longitudes (λA and λB) at a specific
epoch—it coordinates with quadrant IV, detailed in the text. Given a certain phase
of the orbit and an associated (x, y) location of the F-star with respect to the B-
star and disk, λ⊕ can be found as well as the range of ±90◦ angles. The span of
disk azimuth angles are used to compute integrate disk temperatures at specific
epochs from modelled thermal phase curves. The on-disk coordinates rotate as the
F? location change (i.e. 90◦ will always be at noon and 0◦ will always be ninety-
degrees to its right).
II. − x,+y (θ < 0) I. + x,+y (θ > 0)
λA = 360 + θ λA = θ
λB = 180 + θ λB = 180 + θ
λ⊕ =
1
2(λA + λB)− 180 λ⊕ =
1
2(λA + λB)
III. − x,−y (θ > 0) IV. + x,−y (θ < 0)
λA = 180 + θ λA = 180 + θ
λB = θ λB = 360 + θ
λ⊕ =
1




Figure 4.2: A description of how to determine λ⊕, depending on the quadrant
location of the F-star, relative to the B-star (assumed to be at the center of the
quadrant grid).
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(deg) angle rangec(deg) (deg)
2,454,080 0.95604 77.6 III 258-77.6 348
2,454,712 0.01991 39.3 III 219-39.3 309
2,455,026 0.05164 21.2 III 201-21.2 291
2,455,164 0.06558 13.5 III 193-13.5 283
2,455,492 0.09873 −3.74 IV 176-356 266
2,455,771 0.12692 −17.2 IV 163-343 253
2,457,027 0.25384 −72.2 IV 108-288 198
(a) Periastron at RJD 54515, t/P = 0.
(b) Using Stefanik et al. (2010) orbital solution (with e = 0.227).
(c) Disk azimuth angles may fall from 0 to 360-degrees. The ranges progress
in that order, so there are wrapping angles (e.g., in the first 4 observations).
Table 4.1 shows the calculated orbital phases and observable disk longitudes for
each of the infrared observations used in the single-day SED analysis in Chapter 2.
The solutions are shown for the Stefanik et al. (2010) eccentric orbit using a phase of
t/P = 0 at periastron. Note that the models present in §3.1 and 3.2 do not account
for the eccentricity of the system. However, an evaluation of λ⊕ for each infrared
observation using a circular orbit assumption found that variance around mid-eclipse
was small. The solutions do diverge with orbital phases > 0.2. Therefore, the
eccentric orbital solution is used for predicting associated λ⊕ throughout the current
ε Aurigae orbit cycle.
In most cases, an observation date is provided with a calculated orbital phase
and λ⊕. If one provides a specific λ⊕ (say, for a future observation), the associated
longitude angles, θ, and RJD can be identified. The correlation between λ⊕ and
RJD is shown in Figure 4.3, referring to the most recent periastron passage and
beyond; the observable 180◦ range of disk longitude is also shown as the shaded
regions around the given λ⊕. These details are applied to subsequent thermal phase
curves to relate the disk azimuth angles to a calendar date.
169
Figure 4.3: The λ⊕ values across the most recent orbit, starting with the periastron
passage at JD = 2, 454, 515. The shaded bands illustrate the ±90◦ around λ⊕ that
are observable. The unresolved nature of ε Aurigae requires the analysis of the disk
temperatures to be integrated across all of the shaded azimuthal angles of the disk.
In summary, the λ⊕ values are calculated with the following procedure:
(1.) Identify a Julian Date and convert it to an orbital phase via Equation 4.1.
(2.) Look up stellar positions associated with that phase using a binary orbit solver.






(3.) Identify which quadrant the F-star is in, with respect to the B-star.
(4.) Calculate λA, λB, and λ⊕ using references in Figure 4.2.
Note that the binary orbit solver is required to provide the relative angular positions
of the components. Again, the quadrant positions are relative to the B-star. In other
words, the position of the F-star with respect to the B-star determines the quadrant
location.
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4.1.2 The MCRT-TI and MCRT model TPCs
The grid of models in §3.2 identify ranges of particle size, composition, disk
mass, and distance. The combined MCRT-thermal inertia effect models (MCRT-
TI), provided two sets of solutions: a series of 12 Likely solutions from the MCRT-
TI 550 K models, and a single Likely solution from the MCRT-TI 300 K models.
The 12 MCRT-TI 550 K models are further reduced by invoking a composition-
distance constraint, following Muthumariappan and Parthasarathy (2012). If the
disk—and hence, the system—is young (i.e. protoplanetary disk-like), it will reside
at the larger distance of 952 pc and have an ISM-like composition. Only one of the 12
proposed models fits this description: a Jupiter-mass disk of 60/40 composition with
particles between 10 and 100 µm. Furthermore, if the system is more evolved, then
it will be closer (here, the 740 pc models) and have a more stratified composition
of either silicate or carbon. Five of the 12 MCRT-TI 550 K ε Aurigae models fit
this particular limitation: two enstatite models with large particles in an Earth- and
Jupiter-massed disk; a carbon model with small particles in an Earth-mass disk; and
two carbon models with medium and large particle distributions in a Jupiter-mass
disk. In total, seven MCRT-TI models are selected for comparison with the recent IR
observations. Two MCRT-only models that also fit the observational temperatures
(see §3.2.5) are included as well. All the comparison models are shown in Table 4.2.
The models are identified from now on with their associated model numbers and
distance; for instance, the first model given in Table 4.2 is model aIII-740.
In order to truly test these models with the entirety of the observations from
Chapter 2, an integrated temperature is calculated for each epoch of observation.
The solutions are tabulated in Tables 4.3 and 4.4. Also included are four predicted
temperatures when λ⊕ = 45, 90, 135, and 180-degrees. Note that the near mid-
eclipse observation (RJD 55492) provides predicted temperatures near each model’s















































































































































































































































































































temperatures at future orbital phases encourages continued observation. This will
further aid in providing better modeling of the system’s disk. The calendar date
associated with the four additional phases are 2017 July (180◦), 2022 May (135◦),
2027 July (90◦), and 2030 Oct (45◦).
4.1.3 Comparing model and observed TPCs
Figures 4.4 and 4.5 show the predicted temperatures for the nine previously
identified models, with the best-fit SED temperature solutions for both the open
and closed parameters found in Chapter 2. The first, Figure 4.4, is focused on the
night portion of the disk and only includes the dense solutions. The second shows
the full range of the disk’s temperatures (including the diffuse and dense portion
of the disk) over the entire orbit of the binary system, with an extra ±10% of the
orbital period to emphasize the cyclic behaviour of the temperatures. Figure 4.6
displays the goodness-of-fit values for every model and at each epoch of observation.
Looking at the near mid-eclipse thermal phase curve, the results are actually
somewhat mixed: in some cases the MCRT 300 K models (orange) match the ob-
servations and in others, it is the MCRT-TI 300 K model (black). The MCRT-TI
550 K models (dashed grey lines) clearly do not match the newly obtained disk
temperatures around mid-eclipse. However, all the MCRT-TI models depict the
first data point in Figure 4.4 at RJD 54080; neither of the MCRT 300 K models are
even within 200 K. Within one-sigma error of the observations, the MCRT-TI 550 K
models reach 3 out of the 7 infrared epochs, the MCRT-TI 300 K model fits 4 out of
7, and the MCRT 300 K models match 5 out of 7. The 300 K models (both MCRT
and MCRT-TI) fit within 2σ of each open disk temperature, except for the RJD
57027 point. The glaring misrepresentation of the disk temperatures at RJD 57027
(t/P = 0.957 and 0.254, respectively) are briefly discussed below. One could also























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Figure 4.6: Charts of adjusted goodness-of-fit calculations for the open and closed
best-fit models over each observed disk temperature are displayed here. The best-fit
models are found by summing up the associated values over each observation and
dividing that by the degrees of freedom. These best-fit models can be identified here
with the lightest colored bins across the length of a single row. The aV-740 and
cI-952 models provided the lowest goodness-of-fit values, though each preferred a
different solution: open for the former and closed for the latter.
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Figure 2.7 shows that it is too much of a simplification; the resulting goodness-of-fit
calculations shown in Figure 4.6 confirm this affirmation.
The whole orbit TPC plot in Figure 4.5 includes the calculated temperatures
given from the same model curves in the previous figure, obtained at an additional
five points along the disk-eclipsing binary orbit. Note the offset between maximum
disk temperatures of the MCRT-TI (grey and black curves) and MCRT (orange)
models. The MCRT peak arrives at the anti-eclipse point, or when λ⊕ = 90
◦.
However, the MCRT-TI models predict that the rotation of the disk postpones the
peak disk temperature until just after the F-star noon position on the disk. The
MCRT-TI 550 K models predicts a 30− 40◦ disk-azimuth offset, which shows up as
about a 0.2 phase adjustment on the peak. The MCRT-TI 300 K model is similar,
but is < 30◦ offset along the disk’s azimuth, and only about a 0.1 phase adjustment
in the peak. The inertial effect delays the peak disk-temperature to azimuth angles
> 90◦, which are observed before the noon position; hence, the MCRT-TI models
show a peak temperature prior to the MCRT model peaks.
Also included in Figure 4.5 are the two temperature solutions for the disk, the
so-called dense and diffuse temperatures. The large error associated with these
temperatures prohibit extensive analysis, but the separation between the diffuse
temperatures and the modelled temperatures does emphasize the very prominent
nature of the dense region. The predicted model temperatures best represent the
dense temperatures rather than the diffuse.
However, the diffuse disk insufficiently describes the RJD 57027 disk tempera-
ture observation for both the open and closed solutions. The model temperatures
at this point—as well as the RJD 55771 temperature—may more readily depict the
open-diffuse temperatures, specifically the 300 K models. In spite of the discus-
sion above, the physicality of the disk may be changing over this particular phase.
Kloppenborg (2012) discusses at length concerning the wavelength dependence of
179
the eclipse, in particular the argument of an azimuthally asymmetric disk thick-
ness from photometric observations. In fact, the H-band photometry (λ ∼ 1.6µm)
suggested a decreasing thickness (and increased flux) during egress, while U-band
observations (λ ∼ 0.36µm) showed flux decreasing. Kloppenborg (2012) conclude
this disagreement is resolved from physical changes in the disk due to sublimat-
ing materials providing smaller particles with increased absorption at the shorter
wavelengths. The inclusion of an F-star-to-disk stream, from Griffin and Stencel
(2013), may also contribute at these egress points. The overall effect may include a
combination of disk thickness and opacity changes, which would affect the inherent
contribution of the two-body temperatures used in the present SED analysis. There-
fore, an even more complicated and complete disk temperature model is required
for extending this analysis.
Further clarification requires additional observation and analysis. The error
in the open and closed solutions prohibit resolving to one of the two represented
models. But a distinguishing feature of the system arrives with the evaluation of the
peak disk temperature. Therefore, continual monitoring of the system—especially
in the infrared wavelengths—is required. Section 4.2 discusses implications and
additional physical interpretations.
4.2 Discussion
As Figures 4.4 and 4.5 suggest, the thermal phase curve (TPC) of ε Aurigae’s
disk does not strictly follow any of the model predictions. However, the disk does
seem to be a mix of the MCRT and MCRT-TI 300 K models, as noted above.
The 300 K models fit all the observations within 2σ, except for the RJD 57027
epoch. When looking at the 1σ fits, the MCRT-TI 300 K model reaches the first,
fourth, fifth, and sixth epochs; the MCRT 300 K models fit the second through
the sixth epochs. It was previously suggested that the most recent epoch may be
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experiencing a physically different disk that is possibly thicker (larger scale height)
with a varied opacity. This may be the reason for the incomplete model fitting.
Nevertheless, the first epoch seems to require an inertia-effected disk, but the near
mid-eclipse epochs favor the MCRT models. This may indicate variances in the
disk’s composition and opacity within the models presented here. When comparing
MCRT and MCRT-TI models, it may be more accurate to state the variance is in
the relationship between the disk’s ability to cool (or heat) in relation to its rotation.
This prompts the question: could the disk’s inertia effect vary along its azimuth?
The models presented here would give an affirmative.
The two MCRT-TI 300 K models share only one common trait: the disk is 1
M⊕. And though there are no common traits between all the MCRT and MCRT-
TI models, the single MCRT-TI 300 K model assumes a 1 MX mass disk. This
prescription would require more mass-per-radius than compared with a similar sized
disk (at 740 pc), and, hence, more general opacity through the disk. So, it may be
feasible to ascribe the early BASS epoch as evidence of a part of the disk with a
larger inertial effect, but as the disk’s azimuth rotates towards midight, the inertia
effect becomes minimized due to an opacity or material change. Further changes
keep the disk temperature . 550 K out of eclipse (and consistent with the RJD
57207 epoch) instead of following the predicted model temperatures (though at this
point the models may be describing more of the diffuse part of the disk, instead of
the dense).
These issues relate directly to the two inertial terms presented in the first section
of Chapter 1 and to the C term introduced in Section 3.3. Recall that the thermal
inertia (Equation 1.1) can be portrayed as
Γ2 = k ρ cp, (4.3)
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where k is the thermal conductivity, ρ is the density, and cp is the specific heat. The
diffusivity (Equation 1.2) is given as a ratio of the same terms:
αd = k (ρcp)
−1 . (4.4)
Recalling the C derivation, it is simplified to
C = cp κ−1, (4.5)
where κ is an opacity factor with units of cm2 g−1. Substituting this into the thermal
inertia and diffusivity equations, one obtains two new definitions dependent on C
and κ:
Γ2 = k ρCκ
αd = k (ρCκ)−1 .
(4.6)
Therefore, if the disk model is able to provide C (as in §3.3), and if the model can
provide a ρ and κ estimate for the disk-edge region at a particular λ⊕, then a Γ
and/or αd can be calculated. Relating this to a particular material (as in Table 1.1)
follows. Though degeneracies do exist in this prescription, complete C analysis is
required, along with coordination with three-dimensional model grids of the disk to
provide density and opacity estimations.
The inertial effect is observed in the ε Aurigae disk if Γ is high and αd is low;
it is not seen with the reverse. For instance, the ORBDiT models given in §3.3
and Figure 3.19 show the effect of adjusting C two orders of magnitude with a disk
rotation of 40 km s−1. The larger the C, the greater the inertial effect is seen (i.e.
a slower heating response time). The lower C in the Figure 3.19 models provided a
more MCRT-like result (with peak at noon and minimum at midnight) consistent
with the high Γ and low αd prescription. A refinement of opacity measurements will
aid in specifying particle composition (as discussed below).
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Another perspective is provided by the full non-linear differential equation, Equa-
tion 3.46, where dT/dt ∝ 1/C. Therefore, a larger C provides a slower change in
disk temperature. Of course, the particular value of C is completely dependent on
the other factors included in the equation definition. However, the dT/dt values can
be examined for the SED-derived temperatures, as in Figure 4.7. Here the nominal
disk temperature value at each epoch is compared to the previous epoch and the
change (or slope) of the disk temperature is assumed to be linear between each. The
maximum and minimum ranges of the dT/dt slope is given as the grey dashed lines.
Both open and closed solutions are shown. Though the linear assumption comes
with limitations, the plots provide some insights.
The previous discussion concerning the physical nature of the disk is further
backed up by coordinating the dT/dt analysis in Figure 4.7 with the ORBDiT mod-
els in Figure 3.19. A dT/dt ∼ 0 indicates two possibilities: either the system has
reached its basal temperature (lowest temperature the disk can reach from the inte-
rior heating of the B-star) or that particular region of the disk is highly affected by
its inertial effect. It seems the latter would be the case for both the RJD 54080 and
57027 epochs, as the mid-eclipse temperatures decrease, evidenced by dT/dt < 0.
Comparison of the two solutions show the closed solutions allow for a smoother,
more consistent decrease in dT/dt, rather than the very sudden drop in the open
solution. The former seems more compatible with the concept of an effective inertial
effect. Still, it is clear that none of the preliminary ORBDiT models provide a sim-
ilar set of dT/dt curves. Therefore, it seems evident that the disk is a combination
of effects, especially during the eclipse phases.
In contrast to a system experiencing the inertial effect, evidence of fast cool-
ing/heating of the disk is associated with low Γ and a high αd. This again, indicates
that the heating of the disk is on timescales shorter than the rotation of the disk




Figure 4.7: The assumed linear slope between each observed infrared BASS epoch
disk temperature is shown for the open and closed solutions to the SED-fitting
routine. The nominal value dT/dt calculation is shown with the thick black curve.
The grey dotted lines show the possible minimum and maximum value at each epoch,
associated with the ±σ of the reported spectral energy distribution temperature.
The slope is calculated with dT/dt ' ∆T/∆t = (Ti+1 + Ti) (RJDi+1 −RJDi)−1.
A dT/dt = 0 denotes no change between subsequent epochs. The change in slope
points to possible variations within the disk: composition, opacity, density, and/or
even specific heat.
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this is the base assumption of the modelling methodology. A smaller Γ is obtained
with smaller multiplicative terms (k, ρ, and cp); the higher αd is given with a larger
k and smaller ρcp. So, what properties will provide these constraints? The specific
heat only changes by a factor of 2-3 over a given amount of silicate or carbon dust.
The largest change is associated with the density parameter. Most bulk densities
of various materials are also very similar. However, one can also consider a small
density dust particle associated with “fluffy” particles (Kataoka et al., 2014). This
allows the particle to have a small density due to a large effective volume with a low
mass, via a porosity effect. The MCRT-TI 550 K models suggest that larger parti-
cles (between 10 − 100 µm) make up the bulk of the disk. To ensure fast cooling,
these large particles should be porous and fluffy. The MCRT and MCRT-TI 300 K
models suggest smaller particles (< 10µm), so identifying a density component will
help differentiate between compositions.
The thermal conductivity of various materials also changes significantly. For
instance, graphite has a thermal conductivity of about 80 W m−1 K−1 (from NET-
ZSCH materials, http://www.netzsch-thermal-analysis.com) at appropriate tem-
peratures in the disk, while silicates are only at about 1.5 W m−1 K−1. Therefore, if
the other parameters are about the same, then a lower thermal conductivity would
ensure a low thermal inertia to coincide with the TPCs. Table 1.1 also shows sig-
nificant difference between meteorite compositions and ice or gasses. Implementing
a gaseous component to the analysis would aid in understanding the inertia effect
on the disk.
Though this discussion is insightful and helpful in terms of understanding how
the physics depend on Γ, the real test of these parameters resides in completing
the ORBDiT models to examine how different materials react in the physical stellar
environment. To examine some of the current limitations on C, Figure 4.8 shows
calculated C values for a large range of enstatite and graphite opacities and specific
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heats. The dashed lines with associated temperatures denote specific heats given at
those particular temperatures. The shaded regions in the graphite plot illustrate the
current limitations of the ORBDiT models and where the iterative calculations need
to be in order to analyze the infrared regions. The span of opacities are associated
with those found in Figure 3.5. Much time and effort is needed to streamline the
ORBDiT modelling process to acquire reasonable solutions and its implementation
is beyond the scope of this thesis.
4.3 Future application
Much of the ground-work laid here is meant to pave the way for applicable use to
other phase-dependent temperature systems. Some of those systems are described
below, along with the method’s value to future space telescopes. Additionally, some
other items to be addressed in future work are included below.
4.3.1 Other circumstellar disk systems
The first place to look for other systems to apply thermal inertia modeling
is other disk-eclipsing binary systems like ε Aurigae. Stencel (2012) reviews an
extensive list of possible objects. Two prominent systems are EE Cep and V383
Sco. Others, just in the last couple of years, have been identified and discussed
(as in Scott et al., 2014). But, specifically, EE Cep consists of a B5III star that
is eclipsed by an opaque disk housing an unseen companion every 5.6-years. Few
spectra are available to describe the opaque disk component of the system, but
Ga lan et al. (2012) effectively used light curve analysis to derive some parameters
of the disk, including looking at possible interior holes and a varying inclination.
Hence, this is a prime target for observational research and continued watch, just
like ε Aurigae. It may be an even better target because of the relatively short orbital




Figure 4.8: Results of combining specific heat and opacity for enstatite (top) and
graphite (bottom) are shown here. The opacity values are calculated from various
particle size distributions over a wide range of wavelengths (λ = 0.01 − 105 µm)
using wavelength-dependent optical index of refraction values from Jaeger et al.
(1994). The smaller particle sizes and smaller wavelengths contribute to the highest
opacities. The resulting cp κ
−1, defined as C, are used in the ORBDiT model deriva-
tions and provide the link to the physical nature of the modelled disks. The shaded
regions in the bottom graphite plot displays two regions of C: the left shows the
limited values that are currently accessible; and the right region shows the values
needed to fully examine the best representative infrared opacities of graphite. The
dotted line temperatures in both plots denote laboratory specific heat measurements
associated with that particular temperature.
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Aurigae case) to help identify and clarify unknowns about the disk component with
thermal phase curve analysis. Observations throughout its orbit is recommended.
The second object identified above, V383 Sco, was considered a disk-eclipsing
binary system, until recently. Ga lan et al. (2013) argued heavily for a F0I-star being
eclipsed by a cool M-type supergiant, instead of an opaque disk. No rebuttals have
been published, but perhaps it is worth another look, especially because the SED
is fit with the two stars plus a 500 K blackbody, meant to emulate cool mass loss
from the M-star. Regardless, even a diffuse M-type supergiant—or even its cool,
lost material—may have an orbital-phase dependence from the external star. The
orbital period is about 15-years and could be, arguably, an intriguing long time-series
object.
Further disk systems to consider include the circumbinary disk, where two stars
reside inside the disk. These types of disks seem more prevalent at the moment
than disk-eclipsing binaries, where a circumstellar disk surrounds only one star.
However, the method discussed here would apply to the interior portion of the
disk as the binary stars moved along in their orbit. Additional prerequisites come
along with these circumbinary disk-systems: (i) the stars must either be on a very
eccentric orbit or have a large difference in luminosity; (ii) the disk may require
an inclination less than ∼ 60◦; and/or (iii) the disk may need to be resolved. The
first allows there to be sufficient differences along the interior edge of the disk to
promote a phase-dependent temperature gradient to exist. The second is required for
observations of the interior disk, especially if the disk is somewhat opaque, though if
the disk is slightly transparent, a variable temperature may be observable regardless
of inclination. The last prerequisite is an extension of the second: if the disk is at a
low inclination so that the interior can be probed, an unresolved system would simply
integrate over the entire interior portion of the disk, eliminating any longitudinal
temperature variation coherent with the binary orbital period. Therefore, a resolved
188
disk system could identify portions of the disk being heated asymmetrically. Note
that these systems do not require the stars to be eclipsing, since that puts the system
at an i ∼ 90◦. Two examples of circumbinary disk systems can be found with α
CrB and β Tri (Kennedy et al., 2012). New imagers like the Gemini Planet Imager
will soon examine such objects in resolved detail (as in Currie et al., 2015).
4.3.2 Exoplanetry systems
Another type of disk system to consider for inertia-driven analysis is with ex-
oplanets. As the search for exoplanets continues to grow, ring systems and disks
are being discovered around the associated exoplanets Kenworthy et al. (2015). As
previously cited, thermal inertia studies have been completed on the rings of Saturn
to explore their composition and structure, especially between different rings. The
use of thermal phase curves and inertia effect studies are encouraged, especially to
promote the exploration of the TPC impact in a new and unprecedented way.
Finally, just as remote sensing of our home planet Earth has yielded information
about the terrain from afar, geophysicist and planetary scientist are already prepar-
ing to apply thermal inertia endeavours to exoplanetary systems. Maurin et al.
(2012) and Koll and Abbot (2015) model which types of planets will be able to be
determined through thermal phase curves by next-generation telescopes, such as the
James Webb Telescope. They project a 12-hour integration from the James Webb
Telescope at wavelengths between 16 and 19 µm will provide sufficient resolution to
detect changes in an exoplanet’s TPC. Lin and Loeb (2014) even discuss using peri-
odic thermal emission changes to detect rocky asteroids around white dwarfs. The
Gemini Planet Imager is yet another telescope being used to find exoplanets and
spatially resolve circumstellar disks (planetimager.org/). The thermal inertia-
dependent TPCs are building in usefulness and application within the astrophysical
regime, especially with next-generation telescopes coming online. The first steps to
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using them to decipher and describe dusty elements in circumstellar or circumbinary
disks are presented here.
4.3.3 Near-sighted future work
Much has been done to investigate the type of dust making up the ε Aurigae
disk. Phase-dependent SED-fitting confirmed the presence of dust in the disk may
be experiencing azimuthal variations. The application of a complete set of ORB-
DiT models, though not necessarily ground-breaking, will still prove and provide an
effective way of illustrating the correlation between disk rotation and orbital phase.
Finding a way to include other heating sources in the non-linear ordinary differential
thermal equilibrium equation will be an important step in the analysis. The applica-
tion of Monte Carlo radiative transfer codes assumes that the particle’s inertia effect
are faster than the disk rotation and other time-dependent phenomena. Therefore,
the ORBDiT prescriptions provide evidence for this assumption across the orbit of
binary star systems. A modeling effort describing limits to when a thermal inertia
prescription could be identified on a generalized level may be an important part to
include for future studies of thermal inertia-dependent disk systems. Finding a way
to combine these two into a simpler arrangement than hydrodynamic simulations
would also prove worthwhile.
Additional observing time has already been awarded for January 2016 (RJD ∼
57390 and t/P ∼ 0.3) at NASA’s Infrared Telescope Facility atop Mauna Kea, for
use with The Aerospace Corporation’s BASS instrument. This will provide another
point in ε Aurigae’s thermal phase curve, and extend the baseline of the TPC to
about 10-years. The models presented here predicted extremely high disk temper-
atures at RJD 57027; nevertheless, Table 4.5 gives the predicted disk temperatures
for each of the models. It will be interesting to see how the disk temperature trends
through the two latest epochs. Observations of additional objects are also scheduled
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for that time, specifically to look for variable temperatures coordinating with the
system’s orbit. Results of those observations will follow.
4.4 Final conclusions
Thermal phase curves (TPCs) support constraints on material properties of
many different systems. Investigating TPCs in circumstellar disks—especially in
those that lack identifiable spectral features—may permit the application of addi-
tional constraints otherwise disregarded. The shape of the TPC is highly dependent
on the material’s thermal properties and its distribution within the disk system.
The next-generation telescopes will identify resolved temperature structures in cir-
cumstellar disk systems.
The usefulness of the TPC application is shown in relation to ε Aurigae, the
foremost disk-eclipsing binary system. Questions posed at the beginning of this
section—and in the introduction of the document—summarize the present analysis
and lobby for future development and application to other disk systems. Responses
to these questions have been addressed throughout the document, but succinct dis-
cussions are provided here.
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First, is the inertial effect present in the ε Aurigae observations? The simple
response is maybe, even though the minimum disk temperature appears to be
located at mid-eclipse or directly midnight. The location of the minimum disk
temperature is explicitly discussed as a sign of fast heating/cooling of the disk’s
material. Predictions of an off-midnight minimum—thereby showing a substantial
inertia effect, or slow heating/cooling of the disk—is not seen during the eclipse
phases. However, the presence of this inertial effect may be seen outside of eclipse,
where the disk temperatures seem to change slowly.
Second, does the newly updated disk thermal phase curve (TPC) confirm the best-
fit model solutions? Selectively, yes. Only a couple of the selected best-fit models
sufficiently match the thermal phase curve; this is a promising result. Figure 4.6
shows the goodness-of-fit between the observed and predicted model temperatures.
Removing the last epoch (RJD 57027) from the goodness-of-fit calculation decreases
the χ2 by more than half for the two best models which are the aV-740 (an MCRT-
TI 300 K) and cI-952 (an MCRT 300 K) models.
This refined solution helps in answering the final question of this analysis: does
the inertial effect solve any of the ε Aurigae parameter questions? Yes, it does. It
is interesting that the two solutions provide a best-fit model for each distance; the
distance question is not solved with this analysis. However, for individual distances,
constraints can be determined. If the system is closer (and therefore, an older, more
evolved system), the disk is best represented by medium-sized silicate particles that
experience an inertial effect. The younger, larger, more distant system is made
up of small, ISM-like particles that behave with a fast heating/cooling response.
Interestingly, the closer system prefers a more massive disk (∼ MX), while the
more distant system prefers an ∼ M⊕ disk. In terms of evolutionary status, a
primordial disk is not dismissed since the composition and particle size points to
a younger system. The older system still allows for many of possibilities provided
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in the introductory chapter. The aV-740 and cI-952 models now become the
groundwork for further study and testing.
In summary, dust in ε Aurigae’s disk exhibits evidence for regions experiencing
both low and high thermal inertia (or high and low diffusivity), depending on the se-
lected distance. This points to the necessity of more complicated models to describe
and implement density, opacity, and structural variations. However, first-order anal-
ysis shows the newly discovered disk temperatures spanning the mid-eclipse phases
could be identified with two possible solutions, as described above. Additional
modelling efforts for these solutions are in development, including a full MCRT
investigation with varying disk-related physical parameters and specific ORBDiT
model construction (Pearson 2016, in prep). Further improvement of the modeling
techniques and consistent observations over a broad range of wavelengths will aid
in further identifying and classifying the particles in the ε Aurigae disk.
Construction of thermal phase curves for other asymmetrically heated disk-
eclipsing binary systems can be used for similar analyses. As the number of applica-
ble disk-eclipsing binary systems increases, better understanding of the observable
thermal response in disk systems will become apparent.
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ciejewski, A. Majcher, A. Majewska, P. M. Marrese, G. Michalska, C. Migaszewski,
I. Miller, U. Munari, F. Musaev, G. Myers, A. Narwid, P. Németh, P. Niar-
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B. Paczyński. Evolutionary Processes in Close Binary Systems. Annual Review of
Astronomy & Astrophysics, 9:183, 1971. doi: 10.1146/annurev.aa.09.090171.001151.
I. Pascucci, S. Wolf, J. Steinacker, C. P. Dullemond, T. Henning, G. Niccolini,
P. Woitke, and B. Lopez. The 2D continuum radiative transfer problem. Bench-
mark results for disk configurations. Astronomy & Astrophysics, 417:793–805, April
2004. doi: 10.1051/0004-6361:20040017.
R. L. Pearson and R. E. Stencel. Modeling the Disk in the ε Aurigae System: a Brief
Review With Proposed Numerical Solutions. Journal of the American Association
of Variable Star Observers (JAAVSO), 40:802, August 2012.
R. L. Pearson, III and R. E. Stencel. Constraints from Asymmetric Heating: Investi-
gating the Epsilon Aurigae Disk. Astrophysical Journal, 798:11, January 2015. doi:
10.1088/0004-637X/798/1/11.
N. Pequette, R. Stencel, and B. Whitney. Accretion in the Disk of epsilon Aurigae:
Results of Monte Carlo Radiative Transfer Modelling. In AAS meeting abstracts
#218, page #225.05, May 2011.
J. R. Percy. Special Issue Highlighting epsilon Aurigae and Citizen Sky. Journal of the
American Association of Variable Star Observers (JAAVSO), 40:609, June 2012.
M. A. C. Perryman, L. Lindegren, J. Kovalevsky, E. Hoeg, U. Bastian, P. L. Bernacca,
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Table A.1: Updated and expanded IRAC flux densities
RJD
Date
Orbital Fν ±σ† Fν ±σ† Coincident?‡(JD-2400000) period 3.6µm (Jy) 4.5µm (Jy)
54947.2288 2009 Apr 26 0.044 93.1 4.2 63.6 2.9
55283.4664 2010 Mar 28 0.078 50.9 2.9 31.9 1.8
55305.5626 2010 Apr 19 0.080 48.1 2.9 32.1 1.8
55498.8599 2010 Oct 29 0.099 55.0 3.1 33.5 1.9 X(+6)
55522.3183 2010 Nov 22 0.102 53.5 3.2 33.8 1.9
55663.2459 2011 Apr 12 0.116 69.9 3.9 41.0 2.3
55680.0197 2011 Apr 29 0.118 73.7 4.4 45.5 2.6
55882.6114 2011 Nov 17 0.138 95.3 5.4 57.8 3.3
55897.4472 2011 Dec 02 0.140 93.8 5.3 58.6 3.3
56030.9613 2012 Apr 13 0.153 95.4 5.3 60.0 3.4
56055.1169 2012 May 08 0.156 94.1 5.3 59.8 3.4
56410.461 2013 Apr 28 0.191 100.5 5.6 61.5 3.5
56441.3637 2013 May 29 0.195 98.8 5.6 60.3 3.5
56623.4133 2013 Nov 27 0.213 97.0 5.4 59.0 3.3
56647.6035 2013 Dec 21 0.215 93.2 5.2 60.2 3.4
56780.1047 2014 May 03 0.229 91.4 5.1 56.3 3.2
56802.4228 2014 May 25 0.231 95.2 5.4 59.3 3.4
56988.0414 2014 Nov 27 0.250 99.0 5.6 62.0 3.9
56995.9777 2014 Dec 04 0.251 92.3 5.2 54.7 3.1
57002.4444 2014 Dec 11 0.251 87.9 5.0 58.9 3.3
57009.0252 2014 Dec 18 0.252 91.8 5.1 58.9 3.3
57015.1798 2014 Dec 24 0.253 90.1 5.1 58.0 3.3
57022.4496 2014 Dec 31 0.253 90.0 5.2 58.7 3.3 X(−5)
† Questions whether an observation is near a BASS observation. Parenthetical value
gives net separation in number of days.
‡ These include all non-systematic and systematic errors. The intrinsic non-systematic




Seven epochs of processed BASS data used in the analysis of the ε Aurigae disk
temperatures in Chapter 2 are included here. Each table contains the following
columns: wavelength (µm), flux (λFλ, W m
−2), and the error in the flux. The first
three tables consist of two epochs—make sure to check the header information.
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Table B.1: BASS data, I/IV
JD 2,454,080 JD 2,454,712
λ λFλ σ λ λFλ σ
(µm) (10−11 W m−2) (10−13 W m−2) (µm) (10−11 W m−2) (10−12 W m−2)
3.005 11.60 5.57 3.132 9.48 2.01
3.116 10.30 2.85 3.237 9.05 1.58
3.223 9.29 3.39 3.339 8.15 1.18
3.326 9.05 4.17 3.437 7.76 0.706
3.426 8.31 3.26 3.533 7.35 0.416
3.524 7.78 2.34 3.626 6.82 0.343
3.618 7.37 1.30 3.717 6.60 0.430
3.711 6.56 1.04 3.806 6.08 0.452
3.800 6.53 0.867 3.892 5.79 0.744
3.888 5.70 0.992 3.977 5.16 0.565
3.974 5.83 1.83 4.060 5.14 0.531
4.058 5.37 1.85 4.526 3.79 2.28
4.601 4.17 2.78 4.600 3.71 1.23
4.673 3.82 1.30 4.672 3.52 0.922
4.745 3.49 1.25 4.812 3.33 0.373
4.815 3.38 1.29 4.881 3.12 0.247
4.884 3.33 1.66 4.949 2.95 0.234
5.019 2.98 0.495 5.016 2.87 0.334
5.150 2.72 0.715 5.082 2.74 0.438
5.214 2.65 2.93 5.212 2.63 0.290
5.278 2.72 3.61 5.338 2.29 0.455
5.341 2.45 6.01 5.400 2.11 0.925
5.403 2.59 4.41 5.462 2.19 1.35
5.464 2.15 5.11 7.438 0.871 0.473
7.149 1.10 3.77 7.793 0.786 0.193
7.343 1.07 2.29 7.965 0.798 0.153
7.716 0.971 2.39 8.133 0.783 0.058
7.895 0.929 1.26 8.297 0.762 0.039
8.070 0.877 0.455 8.458 0.724 0.037
8.242 0.869 0.316 8.617 0.676 0.038
8.409 0.823 0.610 8.772 0.658 0.033
8.573 0.779 0.455 8.925 0.618 0.031
8.734 0.756 0.584 9.075 0.590 0.037
8.891 0.714 0.390 9.223 0.563 0.042
9.046 0.675 0.484 9.368 0.525 0.052
9.198 0.664 0.461 9.511 0.511 0.065
9.347 0.648 0.746 9.652 0.468 0.072
9.494 0.632 1.60 9.791 0.441 0.070
9.638 0.544 1.52 9.928 0.444 0.053
9.780 0.536 1.20 10.063 0.435 0.045
9.919 0.491 0.699 10.197 0.431 0.039
10.057 0.503 0.490 10.328 0.411 0.034
10.192 0.496 0.447 10.458 0.407 0.033
10.326 0.492 0.893 10.587 0.392 0.041
10.457 0.468 0.405 10.714 0.374 0.044
10.587 0.450 0.363 10.839 0.374 0.039
10.715 0.429 0.400 10.963 0.372 0.040
continued on next page
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Table B.1 continued
JD 2,454,080 JD 2,454,712
λ λFλ σ λ λFλ σ
10.841 0.439 0.261 11.086 0.356 0.052
10.966 0.413 0.348 11.207 0.342 0.049
11.089 0.414 0.389 11.445 0.322 0.045
11.211 0.394 0.574 11.563 0.325 0.043
11.449 0.373 0.638 11.679 0.307 0.045
11.567 0.377 0.527 11.794 0.310 0.065
11.683 0.356 0.409 11.908 0.304 0.052
11.797 0.352 0.416 12.021 0.295 0.041
11.911 0.328 0.557 12.133 0.278 0.044
12.023 0.325 0.414 12.244 0.271 0.043
12.134 0.325 0.410 12.354 0.264 0.040
12.243 0.330 0.470 12.463 0.261 0.052
12.352 0.337 0.488 12.571 0.267 0.075
12.460 0.304 0.535 12.678 0.240 0.060
12.566 0.303 0.760 12.784 0.239 0.057
12.672 0.304 0.655 12.889 0.254 0.073
12.776 0.279 0.688 12.994 0.240 0.084
12.879 0.290 0.939 13.097 0.228 0.087
12.982 0.272 0.847 13.200 0.232 0.100





Table B.2: BASS data, II/IV
JD 2,455,026 JD 2,455,164
λ λFλ σ λ λFλ σ
(µm) (10−11 W m−2) (10−13 W m−2) (µm) (10−11 W m−2) (10−13 W m−2)
3.031 9.99 25.09 3.071 6.64 14.92
3.139 9.51 19.77 3.178 6.36 12.05
3.244 9.22 13.63 3.282 5.82 8.64
3.345 8.06 12.66 3.382 5.42 5.18
3.443 7.41 7.92 3.480 4.96 3.30
3.538 6.90 9.04 3.667 4.34 5.46
3.631 6.61 6.64 3.757 4.03 3.33
3.722 6.11 7.95 3.845 3.81 5.04
3.810 5.89 7.74 3.931 3.64 3.91
3.896 5.34 11.85 4.015 3.45 3.73
3.981 5.17 6.88 4.098 3.26 8.61
4.064 5.37 5.70 4.706 2.30 3.27
4.529 3.37 26.15 4.777 2.19 2.87
4.602 3.39 13.70 4.846 2.12 2.28
4.744 3.27 5.70 4.982 1.97 2.36
4.814 3.09 5.28 5.115 1.82 3.82
4.883 2.88 6.13 5.180 1.77 1.84
4.950 2.85 4.10 5.308 1.69 3.37
5.017 2.71 5.07 5.432 1.54 7.51
5.148 2.63 6.63 5.494 1.55 4.83
5.276 2.51 4.72 7.025 0.850 2.75
5.339 2.46 5.72 7.216 0.737 2.22
5.401 2.52 10.29 7.401 0.709 1.79
5.462 2.13 14.33 7.582 0.664 1.71
7.031 1.22 8.53 7.931 0.595 1.45
7.221 1.14 5.21 8.100 0.564 0.687
7.406 1.06 3.69 8.265 0.536 0.369
7.764 0.942 2.70 8.428 0.507 0.270
7.937 0.879 2.89 8.587 0.481 0.265
8.106 0.818 1.06 8.743 0.463 0.336
8.272 0.763 0.609 8.897 0.437 0.320
8.434 0.728 0.465 9.048 0.417 0.363
8.594 0.692 0.746 9.196 0.392 0.304
8.750 0.659 0.979 9.342 0.372 0.324
8.904 0.631 0.650 9.486 0.379 0.691
9.055 0.599 0.643 9.628 0.346 0.933
9.203 0.578 0.594 9.767 0.347 0.894
9.350 0.576 0.791 9.905 0.322 0.692
9.494 0.598 3.93 10.041 0.309 0.305
9.636 0.522 2.46 10.175 0.292 0.281
9.775 0.488 1.30 10.438 0.275 0.234
9.913 0.471 0.785 10.567 0.274 0.271
10.049 0.452 0.409 10.694 0.258 0.315
10.316 0.429 0.350 10.820 0.254 0.374
10.446 0.429 0.744 10.944 0.251 0.307
10.575 0.403 0.615 11.067 0.240 0.315
10.703 0.386 0.479 11.189 0.232 0.367
continued on next page
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Table B.2 continued
JD 2,455,026 JD 2,455,164
λ λFλ σ λ λFλ σ
10.829 0.383 0.458 11.310 0.230 0.286
10.954 0.364 0.496 11.547 0.218 0.316
11.077 0.368 0.517 11.663 0.211 0.235
11.199 0.355 0.850 11.779 0.205 0.233
11.438 0.347 0.559 11.893 0.199 0.432
11.556 0.338 0.499 12.007 0.194 0.191
11.673 0.308 0.707 12.119 0.192 0.192
11.789 0.327 0.651 12.230 0.193 0.250
11.903 0.309 0.497 12.340 0.197 0.247
12.017 0.293 0.273 12.450 0.189 0.475
12.129 0.283 0.333 12.558 0.178 0.489
12.240 0.291 0.749 12.665 0.172 0.521
12.351 0.288 0.458 12.772 0.169 0.328
12.460 0.299 0.489 12.877 0.171 0.341
12.569 0.280 0.572 12.982 0.155 0.436
12.676 0.260 0.612 13.086 0.156 0.570
12.783 0.260 0.616 13.189 0.157 0.552
12.888 0.282 1.02 13.291 0.160 0.694





Table B.3: BASS data, III/IV
JD 2,455,492 JD 2,455,771
λ λFλ σ λ λFλ σ
(µm) (10−11 W m−2) (10−13 W m−2) (µm) (10−11 W m−2) (10−13 W m−2)
3.101 7.53 16.15 3.031 9.99 25.09
3.312 4.80 6.76 3.139 9.51 19.77
3.412 4.45 4.07 3.244 9.22 13.63
3.604 4.02 2.14 3.345 8.06 12.66
3.696 3.72 2.43 3.443 7.41 7.92
3.786 3.48 2.72 3.538 6.90 9.04
3.959 3.11 3.24 3.631 6.61 6.64
4.043 2.94 3.06 3.722 6.11 7.95
4.514 2.15 12.84 3.810 5.89 7.74
4.588 2.10 6.85 3.896 5.34 11.85
4.661 1.99 5.22 3.981 5.17 6.88
4.733 1.85 2.66 4.064 5.37 5.70
4.803 1.77 2.14 4.529 3.37 26.15
4.941 1.69 1.34 4.602 3.39 13.70
5.075 1.57 2.51 4.744 3.27 5.70
5.141 1.50 3.18 4.814 3.09 5.28
5.206 1.48 1.32 4.883 2.88 6.13
5.270 1.43 1.16 4.950 2.85 4.10
5.396 1.30 4.99 5.017 2.71 5.07
5.458 1.21 6.08 5.148 2.63 6.63
7.134 0.588 1.39 5.276 2.51 4.72
7.325 0.573 1.30 5.339 2.46 5.72
7.511 0.562 1.31 5.401 2.52 10.29
7.870 0.495 1.44 5.462 2.13 14.33
8.044 0.479 0.548 7.031 1.22 8.53
8.213 0.453 0.246 7.221 1.14 5.21
8.380 0.432 0.153 7.406 1.06 3.69
8.543 0.410 0.205 7.764 0.942 2.70
8.702 0.392 0.185 7.937 0.879 2.89
8.859 0.377 0.179 8.106 0.818 1.06
9.013 0.354 0.239 8.272 0.763 0.609
9.165 0.341 0.306 8.434 0.728 0.465
9.314 0.323 0.255 8.594 0.692 0.746
9.460 0.307 0.395 8.750 0.659 0.979
9.604 0.295 0.537 8.904 0.631 0.650
9.746 0.273 0.460 9.055 0.599 0.643
9.886 0.264 0.317 9.203 0.578 0.594
10.024 0.264 0.228 9.350 0.576 0.791
10.159 0.257 0.196 9.494 0.598 3.93
10.425 0.242 0.183 9.636 0.522 2.46
10.555 0.236 0.218 9.775 0.488 1.30
10.684 0.225 0.335 9.913 0.471 0.785
10.811 0.223 0.248 10.049 0.452 0.409
10.936 0.210 0.200 10.316 0.429 0.350
11.059 0.213 0.255 10.446 0.429 0.744
11.181 0.203 0.277 10.575 0.403 0.615
11.302 0.199 0.290 10.703 0.386 0.479
continued on next page
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Table B.3 continued
JD 2,455,492 JD 2,455,771
λ λFλ σ λ λFλ σ
11.539 0.184 0.447 10.829 0.383 0.458
11.655 0.182 0.222 10.954 0.364 0.496
11.770 0.180 0.227 11.077 0.368 0.517
11.884 0.177 0.276 11.199 0.355 0.850
11.996 0.171 0.150 11.438 0.347 0.559
12.108 0.164 0.344 11.556 0.338 0.499
12.218 0.159 0.359 11.673 0.308 0.707
12.327 0.161 0.443 11.789 0.327 0.651
12.434 0.158 0.331 11.903 0.309 0.497
12.541 0.157 0.400 12.017 0.293 0.273
12.646 0.142 0.288 12.129 0.283 0.333
12.751 0.144 0.215 12.240 0.291 0.749
12.854 0.137 0.236 12.351 0.288 0.458
12.956 0.140 0.403 12.460 0.299 0.489
13.057 0.131 0.443 12.569 0.280 0.572
13.157 0.131 0.352 12.676 0.260 0.612
13.257 0.147 0.398 12.783 0.260 0.616






Table B.4: BASS data, IV/IV
JD 2,457,027
λ λFλ σ




































































Spectral energy distributions for
each BASS epoch
Individual spectral energy distributions (SEDs) associated with each BASS epoch
of observation is given here. The best-fit two-temperature blackbody disk tempera-
tures are shown with their Ξ values, given in the parentheses after the temperatures.
The best-fit solutions for the open and closed parameter fittings are given for each
epoch. Residuals of the best-fit solutions are displayed below each SED. The largest
error in each epoch falls with the shortest wavelengths, though the error is still
random and remains a Gaussian error distribution (as seen in the final figure of this
series).
The displayed SEDs show only the infrared wavelengths of BASS, spanning
3µm ≤ λ ≤ 13µm. The disk’s blackbody distributions drop off significantly for
wavelengths < 3µm, as evidenced by the given SEDs. Generally, the blackbody’s
total flux density . 1 Jy at 3µm, with the F-star contribution at about 100 Jy.
Therefore, the impact of the disk is only seen over those wavelengths ≥ 3µm, which
is what is included here.
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Figure C.1: SED fitting, RJD 54080 open
Figure C.2: SED fitting, RJD 54080 closed
228
Figure C.3: SED fitting, RJD 54712 open
Figure C.4: SED fitting, RJD 54712 closed
229
Figure C.5: SED fitting, RJD 55026 open
Figure C.6: SED fitting, RJD 55026 closed
230
Figure C.7: SED fitting, RJD 55164 open
Figure C.8: SED fitting, RJD 55164 closed
231
Figure C.9: SED fitting, RJD 55492 open
Figure C.10: SED fitting, RJD 55492 closed
232
Figure C.11: SED fitting, RJD 55771 open
Figure C.12: SED fitting, RJD 55771 closed
233
Figure C.13: SED fitting, RJD 57027 open
Figure C.14: SED fitting, RJD 57027 closed
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